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In this thesis, the study was aimed at the investigation on the fabrication approaches, 
magnetic and optical properties, as well as the performances on the in vitro bio-imaging 
applications of the functional nanocomposites. To realize the satisfied performance and 
uniformity of the nanocomposites, the preparation of such materials was divided into two 
parts: synthesizing hydrophobic functional nanoparticles and subsequent encapsulation 
by protecting materials. To date, synthesizing nanoparticles by using pyrolysis route such 
as thermal decomposition method is still the most popular one because it is convenient 
and advantageous to control the size, composition, and properties of the nanoparticles. As 
a result, monodispersed magnetic and optical nanoparticles were successfully obtained in 
this study. The characterization of these nanoparticles showed that they had well 
controlled structure and properties. 
In order to prepare these nanoparticles for biomedical applications, proper surface 
modification is required to transfer the nanoparticles into water phase and to enhance 
their biocompatibility. Surface coating route using inert materials such as silica, graphene 
oxide and gold was chosen rather than simple ligand exchange route in this investigation 
because coating extra shell not only transfer hydrophobic nanoparticles into aqueous 
phase, but also improve colloidal stability, biocompatibility, as well as resistance against 
erosion.  
These nanocomposites were also broadly characterized in terms of size, 
morphology, colloidal stability, composite structure, as well as magnetic and optical 
properties. In this study, the nanocomposites fabricated by using encapsulation route 
were controlled between 10 to 100 nm in dimension, which could favor biomedical 
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applications in a wide range of conditions, especially in in vivo applications. It was also 
found that the functional magnetic nanocomposites and optical nanocomposites using 
such surface coating methods can reach magnetization as high as 11.1 em·μg-1 for 
MnFe2O4@SiO2 nanoparticles and quantum yield as high as 27% for yellow emitting 
AIZS-GO nanocomposites, respectively. These outstanding properties of the obtained 
nanocomposites ensured their success in in vitro applications demonstrated in this thesis. 
Besides, the nanocomposites could be conveniently further surface functionalized by 
utilizing the surface functional groups such as –NH2 or –COOH to conjugate necessary 
molecules. Moreover, the cytotoxicity assay of these nanocomposites demonstrated low 
cytotoxic effect upon NIH/3T3 mouse embryonic fibroblast cells due to the protection 
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Chapter 1  Introduction 
 
1.1 Overview of Inorganic Nanoparticles and Their Bio-imaging 
Applications 
Nanoparticles have received tremendous research interest in the past decades. These 
extremely small particles ranging from several to a few hundred nanometers demonstrate 
diverse performance in the physical, chemical and biological properties from their bulk 
counterpart. These novel properties promise the nanoparticles a broad perspective future 
in the field of biomedicine. On the other hand, there is a quickly increasing demand on 
bio-nanotechnology in medical product market, which includes nanomedicine, 
nanodiagnostic, and nanotech-based medical supplies and devices. The market demand 
for nanotechnology medical products is valued to reach $21 billion in 2012, and even 
doubled in 2017. [1] In the regime of nano-diagnositic, the fast development of a variety 
of novel nanoprobes and biosensors significantly improves the accuracy and efficiency of 
current diagnostic imaging techniques such as magnetic resonance imaging (MRI), 
fluorescent imaging and optical coherence tomography (OCT), etc. [2-4] It is thus of 
great interest to understand how the nanoparticles gain such fascinating properties which 
never appear with their bulk counterpart, as well as how they are applied to the clinical 
diagnostic application. 
As indicated by its name, the key point about nanomaterial is the size. When the 
dimension of a material is only a few hundred nanometers or even smaller, it is 
considered as a nanomaterial. At this size range, the surface area to volume ratio, the 
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density of electrons, and a lot of other attributes become so different that the magnetic, 
optical and electronic properties will change. The further explanation of size effect on the 
properties will be discussed in the following sections. 
Not only the properties of material, but also the interaction between an object and 
the physiological system is greatly influenced by the size. In order to be successfully 
transported within vascular systems, the size of the object should have a diameter 
between 10 nm to 2 µm, depending on the pores or the opening of the tissue. However, 
molecules or particles smaller than 5 nm can be rapidly cleared out from the bloodstream 
by renal filtration, [5] while those micro-sized particles will be removed from the 
bloodstream by the reticuloendothelial system (RES) through opsonization. Therefore 
nanomaterials between 10 nm to 500 nm can circulate within the vascular system long 
enough to reach and accumulate at the target sites. [6] In addition, there is a particular 
concern about the long-term exposure of nanomaterials in tissue or body system. 
Therefore a delicate balance between circulation time for particles to reach the target site 
and suitable time for their elimination has to be achieved by sophisticatedly design the 
dimension as well as the surface decoration of the particles.  
Although the rapid development of the synthesis of nanoparticles in recent years 
achieved to prepare nanoparticles made of different materials with well controlled size, 
structure and properties, it is still challenging to successfully modify and functionalize 
the nanoparticles, which is the linking bridge between the nanoparticles and their 
biomedical applications. Especially for those nanoparticles synthesized from oil phase, 
the step of phase transfer is very critical in order to make these water-insoluble 
nanoparticles soluble in water phase. 
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At present MRI and optical imaging are two types of the most attractive 
diagnostic techniques which closely relate to functional nanoparticles. Paramagnetic 
materials such as Gd and Mn chelated contrast agent are designed for the purpose of T1-
weighted MRI while superparamagnetic or ferromagnetic iron oxide nanoparticles can be 
applied to T2-weighted MRI. The MRI result can gain more precise diagnosis by 
enhancing the image contrast. Optical imaging is another popular technique to acquire 
diagnostic information based on collecting the light signal from the sample. Ultrasmall 
semiconductor nanoparticle, also known as quantum dot (QD), is one of the widely used 
fluorescent labeling agents for this purpose. Nevertheless, the concern on the 
environmental and cytotoxic effect from these traditional Cd or Pb based QD 
significantly limits the clinical applications. Recent advances in pursuing alternative Cd-
free QD have made significant stride so that there is a broad perspective for applying 
QDs for optical imaging. 
 
1.2 Brief Introduction to Magnetic Resonance Imaging (MRI) 
Nowadays, MRI diagnosis is one of the most widely used non-invasive imaging 
modalities preferred for detecting diseases of the brains, spine and musculoskeletal 
system. [7, 8] Modern clinical MRI technique is based on nuclear magnetic resonance 
(NMR) signal form protons (
1
H) of water molecules generated by the co-operation of a 
strong static magnetic field and a transverse radio frequency (RF) pulse. In practice, all 
spins of these protons are aligned with the direction of the imposing external strong static 
magnetic field (B0) before the RF pulse is applied. When RF pulse is applied to disturb 
the situation, the spins of these protons tilt away from their equilibrium states and begin 
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to precess about the direction of B0 (Figure 1-1a). The angular frequency of precession is 
called Larmor frequency (ω0).  
     0 0
B 
,                     Eq. 1-1 
where γ is the gyromagnetic ratio of nuclei. The frequency of the RF pulse in practical set 
up equals to the Larmor frequency and the pulse is perpendicular to the longitudinal axis 
(B0) because at this frequency the RF pulse can produce resonant interaction with the 
nuclei. After the RF pulse, the spins of the protons are at high energy states and therefore 
begin to re-align with the direction of B0 as protons attempt to recover to equilibrium 
under strong static magnetic field, which is called relaxation (Figure 1-2b, c). During this 
relaxation process, signal is generated and collected by RF receiver.  
 
Figure 1-1: Principle of magnetic resonance. (a) Spin aligns parallel to the external 
magnetic field and precess under Larmor frequency ω0. (b) After RF pulse, the direction 
of spin changes. (c) Spin undergoes relaxation process, generating T1 and T2 signals. 
 
The relaxation can be classified into two independent processes: longitudinal 
relaxation and transverse relaxation. Longitudinal relaxation is a spin-lattice (T1) 
relaxation which represents the recovery of the magnetization vector (spin of protons) in 
alignment with B0. This relaxation process is caused by the energy loss from the excited 
protons to the surrounding lattice. The recovery time is characterized as T1, which is 
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conventionally defined as the time cost to restore 63.2% of the longitudinal 
magnetization (Figure1-2a). In general, the shorter T1 the spins take to relax, the stronger 
signal intensity can be generated. Practically this signal is considered as positive contrast 
as it produces bright spot against the background in T1-weighted MRI. The purpose of 
introducing T1-weighted contrast agents is to reduce the T1 relaxation time, producing 
brighter spots at the target sites. 
 
Figure 1-2: (a) Schematic showing the determination of T1 due to recovery of 
longitudinal magnetization. (b) Schematic showing the determination of T2 due to 
dephasing of the spin precessions. 
 
On the other hand, the transverse relaxation is a process caused by the loss of 
phase coherency of the collective spins during recovery to the previous equilibrium states. 
As shown in Eq. 1-1, Larmor frequency is influenced by the local magnetic field. 
Therefore during relaxation, each proton goes through a slightly different magnetic field 
caused by nearly protons. Gradually the precession of the protons loses coherency due to 
this spin-spin interaction. The time used for losing the coherency is characterized as T2, 
which is defined as the time taken to return to 36.8% of the initial dephased state (Figure 
1-2b). In general, T2 signal is referred to as a negative contrast as it produces dark spot 
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against the background in T2-weighted MRI. When magnetic contrast agents such as iron 
oxide nanoparticles are introduced into the diagnosis, the local magnetic field can be 
significantly disturbed. Therefore the inhomogeneity of the local magnetic field reduces 
the dephasing time T2, resulting darker signal at the target area.  
 
1.3 Brief Introduction to Cellular Imaging 
Fluorescence imaging is another powerful and versatile tool for biomedical diagnostics as 
well as investigations in biotechnology and life science. Fluorescence imaging offers fast, 
sensitive, reliable and reproducible non-radioactive detection at cellular or even 
molecular level. Compared to MRI technique, fluorescence imaging provide colorful 
image to facilitate to visualize and analyze the biological entities.  
                     
Figure 1-3: Simplified energy diagram for electron excitation and photon emission in 
semiconductors. 
 
In general, this technique utilizes the photoluminescence property of a variety of 
fluorophores which emit light within visible spectrum range under illumination excitation 
at either UV or IR range. To illustrate this property, there are several important terms to 
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be clarified. In organic semiconductors there are lowest unoccupied molecular orbit 
(LUMO) and highest occupied molecular orbit (HOMO), while in inorganic 
semiconductors (also known as quantum dots) there are conduction band (CB) and 
valence band (VB). Under the excitation, taking UV illumination as an example, the 
electron from the low energy state can be excited to high energy state, which is from 
LUMO to HOMO for organic semiconductors and from VB to CB for inorganic 
semiconductors. Very quickly, the excited electron returns to the lower energy state and 
releases the energy difference by emitting a photon during this process. Therefore the 
energy difference between the separated states determines the wavelength of the light that 
the material can emit. It should be noticed that the emitting light is always shorter in 
wavelength than the absorption wavelength under UV illumination, which is known as 
the Stokes shift. [9] The fluorescence property of inorganic semiconductors will be 
further elaborated in the next section. 
 
Figure 1-4: Illustration and comparison of absorption (dashed line) and emission (solid 




Traditionally, organic semiconductors such as organic dye and fluorescence 
protein are widely used as fluorescent marker because they have bright emission and high 
quantum yield. However, the limited photostability of organic dyes and proteins hampers 
their imaging applications in conditions requiring high excitation light intensity in the UV 
region and those requiring long-term microscopic monitoring. On the contrary, quantum 
dots (QDs) display excellent thermal and photochemical stability under UV excitation 
illumination. Therefore QDs can sustain long term UV illumination without losing 
fluorescence. In addition, QDs usually have narrow symmetric emission band, the 
position of which is conveniently tunable by particles size or doping. Besides, their 
absorption band is broad and increases towards shorter wavelength. This is advantageous 
because one can choose one single excitation wavelength to favor the separation of 
excitation and emission, which plays an important role in emission signal collection, 
fluorescence resonance energy transfer (FRET) and spectral multiplexing. Therefore QDs 
are considered as an outstanding substitute of organic dye in various bio-imaging 
occasions. [10] 
The first attempt to apply QDs for bioimaging was performed in 1998 in two 
independent studies by Nie and Alivisatos respectively. [11, 12] Since then, a lot of 
efforts have been put to synthesize QDs of various compositions such as CdSe, CdTe and 
PbS for the purpose of bio-labeling and imaging. Practically, specifically designed 
fluorophores are uptaken by the target cell by endocytosis or attached to the cell 
membrane via antigen-antibody recognition. Subsequently the target area or samples are 
exposed to an illumination source at a fixed wavelength. In such circumstances, the light 
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emitted from the target cells can be observed and recorded by the microscopy for 
analysis.[13] 
 
1.4 Synthesis and Properties of Inorganic Nanoparticles 
To synthesize these functional nanoparticles with fascinating properties, a lot of synthetic 
routes have been proposed. These approaches for synthesizing inorganic nanoparticles 
can be generally categorized into two types: top-down approach and bottom-up approach. 
In this thesis, I focused on the synthesis of nanoparticles via wet chemistry route, which 
belongs to the bottom-up approach. Therefore this section reviews the bottom-up 
approach as well as the physical properties of the inorganic nanoparticles. 
 
1.4.1 Magnetic Nanoparticles  
There are a wide variety of magnetic materials ranging from single metal, metallic alloy 
to transition metal oxide. As for the biomedical applications, both metal based and oxide 
based magnetic nanomaterials have their respective advantages as well as disadvantages. 
Metal magnetic nanoparticles usually possess high magnetization which is more 
preferable for various magnetic related applications such as MRI and hyperthermia. On 
the other hand, transition metal oxide magnetic nanomaterials are considered more 
resistant against environmental erosion and thus more stable in physiological condition. 
As oxidation to the metal and alloy nanoparticles is usually inevitable, more efforts have 
been focused on synthesizing transition metal oxide magnetic nanoparticles with high 
magnetization and their bio-medical applications. 
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1.4.1.1 Synthetic Techniques of Magnetic Nanoparticles 
From the view of chemical synthesis, there are two routes for preparing magnetic 
nanoparticles, hydrolytic synthetic route and non-hydrolytic synthetic route. [14] The 
former, which includes co-precipitation method, microemulsion method and 
hydrothermal method, is based on the hydrolysis of metal ions in the presence of excess 
water. Meanwhile the latter, which includes thermal decomposition method, polyol 
method and flame-assisted synthesis, is based on the pyrolysis of metal-organic 
compounds. 
Co-precipitation and hydrothermal method are two commonly adopted hydrolytic 
approaches for synthesizing magnetic nanoparticles. Conventionally they are able to 
produce nanoparticles with large scale. Besides, nowadays the majority of the magnetic 
nanoparticle based MRI contrast agents approved for clinical applications or pre-clinical 
studies are fabricated by these methods. However, the disadvantage of the hydrolytic 
route is also prominent. Magnetic nanoparticles synthesized using hydrolytic route is 
always uniform in morphology and wide in size distribution, which can be detrimental to 
the diagnostic performance. It is because the water molecules and hydroxyl ions in the 
hydrolytic route exert prominent affinities to metal ions, resulting in complicated surface 
condition which in turn results in poor control over the morphology, particle size and size 
distribution. 
On the contrary, thermal decomposition method, a non-hydrolytic method, 
eliminates these disadvantages because water is excluded from the synthetic system. 
Thermal decomposition method is usually based on the pyrolysis of organometallic 
compounds in organic solvent with low or no polarity. To date, thermal decomposition 
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method is the most successful method for producing high quality nanocrystals with well 
controlled shape, size and composition. The keys to achieving the crystal uniformity and 
monodispersity via this method, according to Hyeon [15] and Alivisatos [16], are delayed 
nucleation and separated growth, controlled by heating rate, concentration of surfactants 
and annealing temperature, etc. A lot of work has been done to investigate the formation 
of iron oxide nanoparticles via thermal decomposition in the ten years. [17-20] It is not 
only because iron oxide has one of the highest magnetization among transition metal 
oxide nanoparticles, but also because iron oxide is biocompatible, non-toxic and stable in 
physiological condition. 
 
Figure 1-5: Schematic illustration of the formation of iron oxide nanoparticles via thermal 
decomposition method in a heating up process. 
 
According to these studies, the fabrication process of iron oxide nanoparticles via 
thermal decomposition can be divided into three stages (Figure1-5). [15, 16] In the stage I, 
the initial precursors gradually decomposed into small monomers or active species as the 
temperature increases. In practical synthesis, an intermediate temperature will usually be 
reached and maintained to make sure the complete conversion of the initial precursors is 
achieved. Meanwhile, the temperature and surfactants are carefully chosen to ensure the 
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accumulation of the monomers does not surpass the nucleation threshold. Following that 
the temperature increases to the annealing temperature. As the temperature increases, 
nucleation threshold will be reached and a burst of nucleation will occur. This burst in 
nucleation at high temperature is called delayed nucleation, which only happen in the 
short period of Stage II. After the nucleation stage, the concentration of monomers 
decreased to below the nucleation threshold, leading to Stage III. At Stage III, the process 
is focused on the growth of the nuclei formed at Stage II. The presence of these nuclei 
ensures that the monomers preferably grow on the nuclei rather than forming new nuclei. 
The growth of nanoparticles at the annealing temperature, which is also known as size 
focusing, is usually completed in one or two hours. Over annealing at this high 
temperature will cause Ostwald ripening, leading to wide size distribution. In general, 
successful synthesis by using thermal decomposition can produce monodispersed 
nanoparticles without size sorting, which are usually required in co-precipitation method. 
1.4.1.2 Magnetism and Biocompatibility of Magnetic Nanoparticles 
Bulk magnetic materials can be divided into paramagnetic, ferromagnetic, ferrimagnetic, 
anti-ferromagnetic, and diamagnetic materials, while widely studied magnetic 
nanoparticles such as Fe, FePt, and Fe3O4 nanoparticles are typically ferromagnetic or 
ferrimagnetic. Ferromagnetic and ferrimagnetic materials share the same property that the 
material can be magnetized by external magnetic field and remain magnetized even when 
the external field is removed. This magnetic property comes from the unpaired electrons, 
the spin of which forms the magnetic moment that tends to align its direction with the 
external magnetic field. 
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Figure 1-6: (a) An unmagnetized magnetic material in the absence of an applied magnetic 
field. Domains A and B are the same size and have opposite magnetizations. (b) When an 
external magnetic field is applied the domain wall migrates towards right side. The result 
is that the specimen now acquires net magnetization. 
 
To understand ferromagnetism and ferrimagnetism, there is one important concept: 
domain. A domain possesses a net magnetic moment contributed by the total electron 
spins. There are many domains in ferromagnetic and ferrimagnetic materials, separated 
by domain walls. As shown in Figure 1-6, the moments of two adjacent domains are 
different in direction before the external magnetic field is applied. The magnetic moment 
of these domains will realign parallel with the external field when it is applied. [21] 
As for magnetic nanoparticles ranging from 5 to ~100 nm, there can only be one 
domain in each nanocrystal. It is because creating another domain in such small crystal 
greatly increases the internal energy. [22] Therefore fundamentally each magnetic 
nanoparticles act as a small magnet. When the size of the magnetic nanoparticle becomes 
very small, a collection of these nanoparticles behave like a paramagnetic material. This 
property of magnetic nanoparticles is called the superparamagnetism, which relates to 
size as well as temperature. At room temperature, the thermal energy is high enough to 
flip the moment of nanoparticle to a random direction. Subsequently a volume of 
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superparamagnetic nanoparticles show no magnetization. However, when external 
magnetic field is applied, the balance is disrupted and each spins realigned parallel with 
the external field. As the external field is removed, the nanoparticle recovers the flipping 
state. The temperature required to reach superparamagnetism can be expressed in terms 
of particle volume and anisotropic constant of the material as follows: 
 TB=KV/25 k         Eq. 1-2 
where TB is the transition temperature (also known as Blocking temperature), K is 
anisotropic constant, V is the volume of the nanoparticle k is Boltzmann constant. 
Therefore at room temperature, the critical dimension for most magnetic nanoparticles is 
commonly between 5 to 30 nm, according to the above equation. 
Superparamagnetism is very a critical property for magnetic nanoparticles 
designed for biomedical applications. In the first place, it is worth noticing that each 
nanoparticle is still ferromagnetic or ferromagnetic, therefore it presents high 
magnetization and responses rapidly to the external magnetic field. On the other hand, 
these nanoparticles are suitable for circulate in vessels through different tissues because 
their flipping state at room temperature can prevent aggregation. 
Another issue concerning the application of the nanoparticles is the safety. At 
present, magnetic nanoparticles designed for bio-medical applications are commonly iron 
based which is supposed to be non-toxic. Although they do not contain any element toxic 
to human being or unfriendly to environment, bare iron oxide nanoparticles do exert 
some toxic effects. According to many reports, bare iron oxide nanoparticles display a 
dose dependent cytotoxicity. [23-25] The induced cytotoxicity is believed to be related to 
internalization and reactive oxygen species (ROS) production. However, practically the 
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surface of iron oxide nanoparticles is always modified by polymers or silica in order to be 
used in physiological condition. A lot of studies have verified that the cell viability can be 
maintained above 90% by using PEG or other molecules modified iron oxide 
nanoparticles at a very high concentration of 2 mg/mL. [26-28] These studies suggest the 
iron oxide nanoparticles with appropriate surface coating have no cytotoxicity effect. 
 
1.4.2 Quantum Dots 
Quantum Dot (QD) is a kind of semiconductors with extremely small size, usually 
composed of only tens to a few hundreds of atoms. The QDs possess unique 
photophysical properties because of their size dependent energy gap – bandgap. Their 
bright emission in the visible spectrum makes them a promising future candidate for bio-
imaging applications. In the past ten years, a lot of work has been done to improve the 
quantum yield (QY) and to reduce the toxicity of QDs. In this section, synthetic approach 
as well as the photoluminescence and cytotoxicity of QDs will be illustrated. 
1.4.2.1 Synthetic Techniques of Semiconductor Nanoparticles 
Like magnetic nanoparticles, semiconductor quantum dots (QDs) can also be prepared 
via aqueous solution based synthesis or organic solution based synthesis. Because of the 
good crystallinity and high photoluminescence, pyrolysis of organometallic precursor in 





Figure 1-7: (a) Illustration of stages of nucleation and growth for preparation of QDs via 
hot injection technique. (b) Simple synthetic apparatus set-up employed in the 
preparation of hydrophobic QDs via hot injection technique. (Adopted from ref. 29) 
 
One typical reproducible route to the synthesis of II-VI and III-V QDs such as 
CdSe and CdS is via injection of metal-organic precursors into the hot solution 
containing coordinating ligands. [29] The typical experimental set-up of this wet 
chemistry synthesis for preparing CdSe is illustrated in Figure 1-7. The organic solvent 
using TOP/TOPO as both solvent and stabilizers is heated to ~300°C with an atmosphere 
of nitrogen or argon. TOP solutions of dimethyl cadmium (CdMe2) and trioctylphosphine 
selenide are quickly injected into the vigorously stirred hot mixture. The precursor 
concentration boosts above the nucleation threshold upon the injection. The rapid 
reaction between the two precursors generates a large number of nuclei. After the 
nucleation process, the temperature is adjusted to lower temperature (~250°C). The 
remaining precursor will grow on the existing nuclei. The growth process is ceased by 
cooling down to the room temperature. This synthesis obtains QDs with a wide size 
distribution. In order to get narrow size distribution, size selection process is usually 
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conducted after the reaction because the optical property of such QDs is size-dependent. 
Thereafter QDs with different sizes were separated by size-selective purification from a 
mixture of 1-butanol and methanol. The size selection can be repeated several times to 
get monodispersed QDs. 
In order to avoid such tedious size selection, Alivisatos and co-workers improved 
the colloidal synthesis of CdSe QDs considerably by a simple replacement of TOP with 
tributylphosphine (TBP) and further avoiding Ostwald ripening [30]. However, the 
precursors used in the synthesis are extremely toxic, expensive, unstable, and explosive. 
Therefore relatively greener precursors such as CdO, PdO and Cd(acac)2 are introduced 
to replace the dangerous CdMe2 [31-34].  Although the precursors are replaced, there is 
still one critical issue under debate that the traditional QDs contain toxic, environmental 
and healthy harmful elements such as Cd and Pb. In that sense, researcher began to spend 
much effort looking for non-toxic substitution. Recently I–III–VI2 semiconductor 
quantum dots attract a lot of attention due to the tunable photoluminescence and Cd-free 
feature. 
The synthetic procedure of I-III-VI2 type QDs is similar to that of traditional QDs. 
In general, the organic solution containing coordination ligands, precursors are heated to 
a target temperature, at which the sulfur source is injected to trigger a burst nucleation. 
After that the growth process occurs till the termination of the reaction. Unlike the 
traditional QDs, the photoluminescence of I-III-VI2 QDs can be controlled not only by 
the size, but also by the doping level of Zn elements. Though the mechanism is still under 
investigations, the current synthetic methods open a new way to tuning the optical 
property of QDs. [34, 35] 
18 
 
1.4.2.2 Fluorescence and Cytotoxicity of Quantum Dots  
One of the unique properties of QDs is their size-dependent photolumianscence (PL) 
which is attributed to the quantum confinement effect: confinement of intrinsic electron 
and hole carriers to the small physical dimension. The dimension of commonly studied 
QDs synthesized via thermal decomposition is usually ranging from 1 nm to 10 nm. 
Owing to the small physical dimension, QDs are built up by only tens to a few hundred 
atoms. As a result, the valence band (VB) and conduction band (CB) contributed by the 
ensemble electrons eventually split and show discrete energy states. In the meantime, the 
bandgap, the energy difference between valence band and conduction, increases as the 
size of semiconductor nanocrystal decreases. Figure 1-8 indicates the energy level and 
bandgap change in semiconductors of different sizes. As the energy of emitted photon is 
determined by the width of bandgap, the emission light of QDs exhibits a blue shift as 
their dimension decreases.  
              
Figure 1-8: (a) Illustration of band structure of inorganic semiconductor as bulk material, 
nanocrystal and atom. (b) Schematic depiction of band diagram of QDs and 




The emission of QDs results from the creation and re-combination of the electron-
hole pair. The process is illustrated in Figure 1-8. Typically, an electron (represented by a 
solid circle) in VB can be excited by a photon with energy larger than the bandgap energy 
(Eg). It jumps to CB, leaving a hole (represented by a solid circle) behind. This is the 
creation of the electron-hole pair. After that, the electron quickly returns to VB and 
combines with the hole. During this process, the energy difference is released in the form 
of a photon, the energy of which corresponds to the bandgap. It is worth noticing that the 
wavelength of the emitting photon is always larger than the absorbed photon because a 
fraction of the absorbed energy is released in several non-radiative ways. This is the 
origin for the observed stokes shift mentioned in section 1.3. One of these non-radiative 
ways is because of the surface defects. In order to remove such surface defects, inorganic 
shell such as ZnS was commonly introduced to the surface of QDs. The overcoat of ZnS 
does not absorb the emitting photons because it has larger bandgap than CdSe and CdS. 
Instead, ZnS shell can passivate QDs surface and significantly improve the quantum yield 
(QY) without affecting the absorption and emission of the core. [36, 37] 
On the other and, the ZnS shell can also improve the photostability and reduce the 
toxicity of CdSe by suppressing the dissolution of the cadmium ions. Since CdSe was 
used as bio-imaging agent for the first time, the concern about its toxicity has never been 
dispelled. There are at least two specific ways for QDs to exert cytotoxicity to the 
organism. [38] The first one originates from the toxic elements, such as Cadmium, which 
is the one of the main components of QDs. The release of Cd ions can be further 
facilitated via surface oxidation by exposure to air or ultraviolet irradiation. [39] 
Cadmium has a half-life about 20 years in human beings. It is a potential carcinogen that 
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accumulates in kidney, liver, and many other tissues, inducing DNA and protein damages. 
[40] Although ZnS shell provides a barrier between the biological environment and the 
toxic core, it can be gradually deteriorated according to the observation of decrease of PL 
intensity and blue shift of PL spectra of QDs in living cells. [41] In addition, QD itself 
can catalyze the formation of reactive oxygen species (ROS), especially when exposed to 
ultraviolet irradiation. [41, 42] ROS can provoke apoptosis in cells [43]. Besides, many 
studies show that the toxicity of QDs can also be influenced by the size, concentration, 
and even outer coating bioactivity including capping materials, functional groups and 
charge. [44-46] In general, the cytotoxicity of these traditional QDs can only be 
alleviated rather than eliminated by means of surface modifications and coating 
techniques.  
In order to reduce the cytotoxicity from QDs, researchers begin to search for Cd- 
and Pd-free alternatives, which can eliminate the toxicity contributed by the toxic 
elements. In that sense, I-III-VI2 QDs such as AgInS2 and CuInS2 nanoparticles are 
introduced to the field of biological imaging application. In recent years, a lot of efforts 
have been placed on tuning the emission colors and increasing the QY. The cytotoxicity 
examinations on these newly appeared QDs are yet to be carried out.  
 
1.5 Review of Major Surface Modification Techniques 
Although high temperature decomposition approach can produce nanoparticles with high 
crystallinity, uniform morphology and size, and controlled composition and properties, 
there is an inevitable issue has to be deal with. These nanoparticles are hydrophobic and 
they are not compatible with water phase, not to mention the complicated biological 
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conditions. In order to ensure their respective biomedical applications, it is of great 
importance to design a route to modify the hydrophobic surface of the nanoparticles and 
transfer them into water. The purpose of the surface modification is to obtain the 
nanoparticles with superior aqueous solubility, colloidal stability, chemical and physical 
stability, and biocompatibility. The size of the modified nanoparticles should remain 
small, and the surface should be convenient to conjugate with biomolecules and targeting 
ligands. The stabilization of the obtained water-soluble nanoparticles can be achieved by 
introducing electrostatic or steric repulsion. [47] A lot of methods have been proposed in 
the past decades. In general, these phase transfer methods can be categorized into two 
strategies: ligand exchange and surface coating.  
 
1.5.1 Ligand Exchange 
Ligand exchange is a simple and direct way to convert hydrophobic nanoparticles into 
aqueous solution. The idea is to replace the original hydrophobic surface ligands with 
hydrophilic surfactants. The process is illustrated in Figure 1-9. One end of the molecule 
should have strong affinity to the surface atoms of the nanoparticles, while the other end 
should be hydrophilic functional group with charge in aqueous solution, rendering 




Figure 1-9: Illustration of phase transfer using ligand exchange approach. The original 
hydrophobic ligands are completely replaced by hydrophilic ligands. 
 
The advantage of ligand exchange method is that it is straightforward, and usually 
produces water-soluble nanoparticles without significant increase in the hydrodynamic 
size. [48] Nevertheless, there are several inherent disadvantages involved in this method. 
Firstly, the replacing ligands have to be chosen individually for each case since this 
method is based on the strong coordination between the replacing ligands and the surface 
of the nanoparticles. For example, carboxyl (-COOH) is usually applied to bind to the 
surface of iron oxide nanoparticles, [49] and amine (-NH2) is used to bind to cobalt 
nanoparticles, [50] while thiol (-SH) is typically employed to bind to gold or CdSe/ZnS 
nanoparticle. [11, 51] As the ligand varies, the respective experimental procedure turns 
out to be different. Therefore there would be no universal protocol for transferring all 
kinds of nanoparticles.  
Secondly, the colloidal stability and photochemical stability are compromised. 
Commonly the replacing surfactants are short chain molecules. Thus the stabilization is 
usually achieved by the electrostatic repulsion of charged functional groups. The 
electrostatic repulsion will be weakened in salt solution as the surface charges can be 
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easily screened by counterions. On the other hand, the binding between the nanoparticles 
and the replacing ligands is usually not strong enough in practice. Experiments have 
found that after a period in aqueous solution, the bonds between the replacing ligands and 
the nanoparticles are broken and the ligands detach from the particle surface. [52] The 
detachment is attributed to the hydrolysis or photo induced oxidization. In other cases, 
the stabilizing ligands can be eventually removed from the particle surface via dialysis 
against aqueous solution because there is no excess ligand in the solution for maintaining 
the binding. [53] All of these situations can lead to aggregation and precipitation of the 
phase transferred nanoparticles. Especially the detachment of ligands from the QD 
surface leaves behind surface trap sites and defects which can deteriorate the fluorescence 
stability.  
Thirdly, the physical properties may be compromised after ligand exchange, 
especially for QDs. A lot of studies have shown that the QY of the phase transferred QDs 
exhibit a dramatic drop after ligand exchange. [54-56] The poor protection from these 
ligands and the surface defects created during the ligand exchange process are commonly 
considered as the major reasons for the decreased fluorescence. [57-60] 
 
1.5.2 Surface Coating 
An alternative approach to modify the hydrophobic nanoparticles is to coat an additional 
layer to the original nanoparticles, generating core/shell type nanocomposites. Although 
the overcoat evidently increased the hydrodynamic size of the nanoparticles, the 
protection to the inner cores from the complex environment is usually sufficient. 
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Compared to those commonly used ligand exchange methods, the coating strategy has 
several advantages: 
 Applicable to a wide variety of hydrophobic nanoparticles. 
 Less deteriorated physical property 
 Higher colloidal and physical stability 
 Conveniently functionalized surface 
 Improved biocompatibility and reduced cytotoxicity 
 The most widely applied coating materials are amphiphilic polymers and silica 
(SiO2). Both of them can achieve outstanding water-solubility. Besides, there are some 
other coating methods that have been reported, yet not so widely adapted. 
1.5.2.1 Amphiphilic Polymer and Other Molecules 
The polymer coating utilizes the hydrophobic interaction between the original ligands on 
nanoparticles and the hydrophobic part of amphiphilic polymers. The interaction and 
structure of this configuration is illustrated in Figure 1-10. The amphiphic polymer has 
two critical parts: hydrophilic backbone and hydrophobic side chains. In principle, the 
hydrophobic chains of the amphiphilic polymer can intercalate the hydrophobic ligands 
on the nanoparticle surface. The backbone has hydrophilic functional groups such as 
carboxylic acid and hydroxyl, which render the water solubility by electrostatic repulsion. 
Due to this universal hydrophobic attraction, the polymer coating can be applied to 




Figure 1-10: Illustration of phase transfer using polymer coating approach. The original 
ligands are reserved and the amphiphilic polymer with hydrophobic backbone is coated 
as an extra layer via hydrophobic interaction. 
 
One advantage of polymer coating is that the original ligands on nanoparticles are 
reserved after the phase transfer since they are encapsulated within the polymer shell. 
Therefore the original surface state is unchanged, which means the physical property is 
maintained. This is more important to QD as its fluorescence property is easily affected 
by the change at the surface. Another advantage of polymer coating is that the organic 
polymer can be easily engineered to render multifunctionality. First of all, there are 
various kinds of polymers can be chosen for the polymer coating such as poly(acrylic 
acid) [61] Pluronic F127 [62], and poly(maleic anhydride) [63], etc. Besides, the 
functional groups on the backbone not only help to stabilize the nanoparticles, but also 
provided sites to facilitate the conjugation to biomolecules or other functional molecules. 
For example, the carbonxylic acid groups on Poly(isobutylene-alt-maleic anhydride)-
graft-dodecylamine (PBMA-g-ODA) [64] can be easily conjugated with PEG via 
EDC/NHS chemistry to obtain better water-solubilizatoin and biocompatibility. 
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Moreover, PBMA itself can be modified with fluorescein covalently for producing 
multifunctional nanomaterials. [65] 
After the polymer coating, the hydrodynamic size can be increased obviously 
because of the additional polymer layer. [66] Although the thick shell hampers some 
applications such as Förster resonance energy transfer (FRET), [67] it provides steric 
repulsion besides the electrostatic repulsion to enhance the stability. In fact, the thickness 
of the polymer shell can be controlled by choosing the amphiphilc polymer with 
appropriate block length. [68] Therefore polymer coated nanoparticles have excellent 
colloidal stability in aqueous solution.  
1.5.2.2 Silica Encapsulation  
Silica encapsulation is another robust route that produces water-soluble nanoparticles. 
Silica is an inert and biocompatible inorganic material for surface modification. The 
coating of silica utilizes the hydrolysis of tetraethyl orthosilicate (TEOS), a commonly 
used siloxane. The hydrolyzed TEOS can cross-link through the formation of siloxane 
bond [53]. The hydrolysis of TEOS undergoes the following formula and the formation 
of silica shell is illustrated in Figure 1-11. 
Si(OCH2CH3)4 + H2O → Si(OCH2CH3)3OH + CH3CH2OH 
Si(OCH2CH3)3OH + Si(OCH2CH3)3OH → (CH3CH2O3)3SiOSi(OCH2CH3)3 + H2O 
Then the hydrolysis of (CH3CH2O)3SiOSi(OCH2CH3)3 will produce 




Figure 1-11: Illustration of phase transfer using silica coating approach via hydrolysis of 
TEOS. Silica is coated as an extra shell protecting the inner core.  
 
Usually multiple layers of silica will be deposited on the hydrophobic 
nanoparticles, leading to a distinct hydrodynamic size increase. Similar to polymer 
coating, thick silica shell may also limit some bio-applications in intracellular penetration 
and FRET for QDs. [66, 69] The mechanism for silica deposition is complicated. 
Although some people states that the silica coating process does not involve ligand 
exchange, [70, 71] most researchers believe that the ligand exchange is involved in the 
initial stage silica coating process. [48, 72] For instance, oleic acid can be replaced by 
TEOS in the case of iron oxide resulting new Si-O-Fe bond, while Trioctylphosphine 
oxide (TOPO) is replaced by (3-Mercaptopropyl)trimethoxysilane (MPTMS) in the case 
of QDs resulting new S-Zn bond. [73, 74] Therefore the physical property can be 
impaired. For example, the emission intensity of the CdSe/ZnS QDs can be decreased by 
50% to 80%, depending on the coating procedure. [72] In the meantime, Sha and co-
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workers, who believes no ligand exchange during silica coating, found that the QY 
increases by 10% after silica coating. [71] 
In spite of the complicated coating mechanism, the silica coating has a number of 
advantages with controlled shell thickness. In the first place, the silica shell stabilizes the 
nanoparticle by both electrostatic (negative charge by –OH group) and steric repulsion. 
Therefore silica shell can effectively prevent aggregation. Secondly, it protects the inner 
core from direct contact with the outside by providing a stable shell. This shell prevents 
the oxidation and corrosion induced by the external environment, thereby increasing 
chemical and physical stability. A typical example is that the photophysical property of 
QDs is more stable in silica shell than ligand exchange and organic coating. [75-77] 
Besides, it acts as an effective way to reduce the biocompatibility. A number of studies 
used silica coating to reduce the cytotoxicity of traditional QDs. The compact shell not 
only shields the QDs from oxidation and erosion by environment, but also prevents the 
toxic ions from leaking. [78] Additionally, silica coating offers convenient functionality, 
which enables further conjugation with biomolecules and fluorescent markers. [79-81] 
The surface of silica shell can be easily modified with –SH or –NH2 functional group by 
further deposit MPTMS or (3-Aminopropyl)triethoxysilane (APTS). Following that, the 
biomolecules can be reacted with these functional groups, forming covalent bond such as 
amide bond. [82] Finally, silica coating can be successfully applied to a wide variety of 
nanoparticles, [83-88] either hydrophobic or hydrophilic. To date, Stöber sol-gel method 
and reverse microemulsion method are two prevailing choices for coating nanoparticles 
with silica shell. 
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Stöber method is a straightforward sol-gel process to coat silica shell in situ 
through the hydrolysis and condensation of the silica precursor TEOS. Conventionally 
Stöber method is performed in aqueous solution, or at least in polar solvent, thus it is only 
applicable to hydrophilic nanoparticles. The hydrophobic nanoparticles must be 
transferred to hydrophilic by other techniques before silica coating via sol-gel process. In 
that sense, Stöber method is considered as a way to enable biocompatibility and surface 
functionality other than phase transfer. In a typical sol-gel silanization process, the 
hydrolysis of siloxane is catalyzed by base such as ammonia. The hydrolyzed siloxane 
can directly deposit on the surface of the nanoparticles, followed by the polymerization of 
subsequently hydrolyzed TEOS. Therefore Stöber method is especially ideal for coating 
individual nanoparticle with silica, forming core/shell structured composite nanoparticles. 
[89] As each nanoparticle serves as a seed for silica growth, the size of the final 
particle/silica nanocomposites can be controlled by the concentration ratio between the 
nanoparticles and the silica precursors. [90] Although it is also capable to produce 
multiple nanoparticles loading in silica sphere, the size of the particle/silica 
nanocomposites is usually large and the particles dispersion in each silica sphere is not 
well controlled. [91] 
Recently Hyeon and co-worker modified the traditional Stöber method to produce 
multifunctional mesoporous Fe3O4@SiO2 nanoparticles. [92] The hydrophobic 
nanoparticles were transferred to water first by cetyltrimethylammonium bromide (CTAB) 
by forming an extra stabilizing layer of CTAB. [93] Without purification, the aqueous 
solution, which contained CTAB modified Fe3O4 nanoparticles as well as excess CTAB 
molecules, was mixed with TEOS. These excess CTAB molecules served as template for 
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producing the mesoporous structure. The silica shell thickness can be conveniently 
controlled from 10 nm to 50 nm by adjusting the concentration of Fe3O4 nanoparticles. 
This method is universal to both magnetic nanoparticles and QDs, [76, 94] producing 
multifunctional nanocomposites with both imaging and drug delivery functionalities. 
Another way for fabricating silica coated nanocomposites is reverse 
microemulsion method. Hydrophobic nanoparticles can use this method to coat silica 
shell without prior phase transfer. In general, hydrophobic nanoparticles are dissolved in 
cyclohexane and mixed with ammonia solution under vigorous stirring. The vigorous 
stirring generates water-in-oil (W/O) microemulsions. The reverse micelles are stabilized 
by the surfacants such as 1-octanol and Igepal CO-520, forming small water droplets. [95] 
These water droplets can serve as nanoreactors where the silica growth takes place. There 
are two possible mechanisms for incorporation of hydrophobic nanoparticles into the 
silica sphere, according to Koole and co-workers investigation. [72] Both of them start 
with ligand exchange. The hydrophobic nanoparticles are first transferred into the reverse 
micelles as the surface ligands are exchanged with the hydrophilic stabilizing surfactants 
or hydrolyzed TEOS. In the nanoreacter where TEOS is rich, the –OH groups of the 
surfactants or hydrolyzed TEOS bound to particle surface can initiate the subsequent 
silica cross-linking at basic condition. Therefore similar to Stöber method, reverse 
microemulsion method is capable to coat individual nanoparticle. However, the reaction 
system is more complicated than Stöber method in that the coating process is affected by 
more parameters such as surfactant that exchange the coordinating ligand and stirring 
speed and time that influences the formation of reverse micelles. Therefore it requires 
sophisticated control on the reaction parameters to obtain monodispersed nanoparticles 
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with desired size. Besides, this method also cannot avoid ligand exchange which can 
affect the physical property. 
1.5.2.3 Other Coating Methods 
Although to date most of the studies have focused on the development of polymer and 
silica coating, there are some other approaches to modify the nanoparticles using other 
materials such as precious metal and carbon.  
Gold is inert and low toxic biocompatible inorganic material. Gold shell has 
several advantages. First of all, gold offers additional property to the nanocomposite, 
which is surface plasma resonance (SPR). SPR is a coherent oscillation of a collection of 
the free electrons in the conduction band. Besides, gold shell can improve the stability in 
aqueous solutions and protect the core from oxidation. It also provide versatile 
functionality since many functional groups such as –SH and –NH2 can be easily anchored 
on the surface of gold. Some protocols have been reported in literatures to coat 
nanoparticles with gold shell. For example, water-soluble iron oxide/gold core/shell 
structured nanoparticles with diameters ~60 nm have been synthesized by reduction of 
Au
3+
 onto the surface of iron oxide nanoparticles via iterative hydroxylamine seeding 
method. [96] Recently, multifunctional gold nanostars with magnetic cores synthesized in 
CTAB solution via seeded growth have been reported for gyromagnetic imaging and 
magnetomotive imaging. [97, 98] Gold coating therefore can be a good choice for 
modifying magnetic nanoparticles. However, gold and other metal coating on surface of 
QDs can quench the fluorescence of QDs because the exited electrons can be easily 




Another coating approach that has potential future is carbon coating because 
carbon based materials have high thermal and chemical stability as well as 
biocompatibility.  The graphitic carbon layer can provide an effective barrier against 
oxidation and corrosion induced by the external environment. However, currently carbon 
encapsulation can only be achieved by arc-discharge, laser ablation, and electron 
irradiation. [102-104] The obtained carbon coated particles are often agglomerated 
clusters with low dispersibility due to the lack of effective synthetic methods. So far it is 
still challenging to prepare dispersible, isolated carbon-coated nanoparticles. 
Alternatively, carbon based material graphene oxide (GO) has received a lot of attention 
due to its superior water solubility, low toxicity and versatile functionality. Recently 
water soluble nanocomposite based on magnetic nanoparticles and GO has been 
successfully prepared via micro-emulsion method for bio-imaging and hyperthermia 
applications. [105] 
As can be seen above, a number of surface modification techniques have been 
proposed and investigated in order to achieve small size, colloidal stability, 
biocompatibility and functionality. Nonetheless, there is no method can satisfy all of 
these criteria required by biomedical applications. Ligand-exchange method produces 
compact nanoparticles while the colloidal and physical stabilities are compromised. 
Meanwhile polymer and silica encapsulation can yield exceptionally colloidal, chemical 
and physical stable nanocomposites at an expense of increased hydrodynamic size. Other 
coating techniques also have respective limitations in affecting the physical property or 
lack of monodispersity. Therefore to design a pathway to modify the hydrophobic 
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nanoparticles and optimize the experimental procedure to obtain compact, colloidal stable 
nanoparticles with unaffected properties represents an active field of research. 
 
1.6 Motivation and Objectives 
 
1.6.1 Motivation 
There is a rapidly increasing market demand for biomedical nanotechnology to improve 
public health. Therefore nanomaterials designed for this purpose are required to have the 
following features: 
 Facile method to prepare 
 Outstanding physical property for biological and medical performances 
 High colloidal, chemical and physical stability in physiological environment 
 High biocompatibility and low toxicity to normal cells and organism  
 Long circulation half-life in in vivo applications 
 Although a wide variety of nanoparticles with different magnetic, optical and 
electronic properties have been introduced to the biomedical field, transition metal oxide 
magnetic nanoparticles, I-III-VI2 QDs and gold nanoparticles stand out because they 
reach a balance between biocompatibility, stability and properties. For example, magnetic 
nanoparticles made of pure metal undergo spontaneously oxidization. Besides, Co and Ni 
are toxic. Traditional QDs such as CdSe/ZnS has high QY, and the emission can be tuned 
to cover the whole visible spectrum, yet they are highly toxic. On the contrary, iron oxide 
nanoparticles are low toxic and biocompatible, which have been administrated 
34 
 
intravenously for over half century [106-107]. It is reported that the magnetization of 
superparamagnetic magnetite (Fe3O4) can reach as high as 70 emu/g [108], in comparison 
with Fe nanoparticles (80~170 emu/g). [109] Newly emerging I-III-VI2 QDs such as 
AgInS2 and CuInS2 do not contain toxic element Cd and Pb. Their emission can be tuned 
from green to red with QY as high as 60%, [110-111] which is comparable to that of 
traditional QDs. Therefore I -III-VI2 QDs as a novel bio-marker have received 
tremendous research in order to further improve the PL property.  
 To obtain these biocompatible high performance nanomaterials, a lot of methods 
have been proposed. These methods include hydrolytic route such as co-precipitation and 
hydrothermal methods as well as non-hydrolytic thermal decomposition method. The 
hydrolytic route has intrinsic limitations that the obtained nanocrystals have relatively 
low crystallinity and wide size distribution, which exert negative influence on the 
property and thereafter their biomedical performance. Consequently, the research focus 
shifts from previous hydrolytic route to currently pyrolysis route established by 
Alivisatos [16], Peng [112], Hyeon [20], and Sun [113]. By using high temperature 
decomposition method, nanoparticles can achieve homogeneous morphology, uniform 
size, high crystallinity and superior magnetic or optical properties. 
However, nanoparticles synthesized from this method can only be dispersed in 
non-polar solvent such as hexane and toluene. In order to prepare them for biomedical 
applications, it is necessary to transfer them into water-phase. The phase transfer is of 
great importance because the phase transfer process not only simply renders 
nanoparticles hydrophilicity, but also needs to fulfill the following criteria: 
 Compact size and narrow size distribution 
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 Colloidally stable for long period 
 Less affected physical property 
 Resistant to oxidation and corrosion 
 Biocompatible and low toxic 
 Surface functionalizable 
 According to the above literature review on the phase transfer methods, it is 
advantageous to applied surface coating protocol because these methods attain long 
period colloidal stability and well preserved physical property. Coating a shell such as 
silica on the nanoparticle can effectively prevent inter-particle aggregation by introducing 
both electrostatic and steric repulsion. It also significantly blocks most of the corrosive 
species in the physiological environment by providing a compact shield. Besides, the as-
obtained nanocomposites not only exhibit stable physical property against time and 
environment, but also offer versatile surface functional groups for bio-conjugation or 
other surface modification, therefore leading to the possibility of preparing 
multifunctional nanocomposites.  
The first thing to consider when choosing materials for such coating protocols is 
biocompatibility and cytotoxicity. It is because this coating layer has direct contact with 
the cells and biological fluids. As a result, silica becomes a promising candidate as it is 
inert, biocompatible and low toxic inorganic materials, besides the above mentioned 
features. Especially, the silica shell is more compact than the polymer shell in terms of 
isolating the inner core from the environment. Therefore although the ligand exchange 
involved in the beginning of the silica coating process can affect the physical properties 
of nanoparticles, the long term stability of properties is prominent compared to polymer 
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coating. The challenging part of silica coating is controlling the silica shell thickness. It is 
because thick silica shell dramatically reduces the magnetization of the nanocomposites. 
Besides, the overall size of the nanocomposites can influence the circulation half-time in 
organisms. 
In addition to traditional silica, graphene oxide also showed potential capability to 
be used as phase transfer materials because of its superior water solubility, 
biocompatibility and functionality. Graphene oxide is purely carbon, oxygen and 
hydrogen based material. Thus it contains no toxic elements. Secondly it contains a great 
number of oxygenated functional groups such as –COOH, –OH and epoxy groups on the 
edges and basal planes. These groups offer GO outstanding water solubility as well as 
functionality. In addition, GO is thermally stable and resistant to corrosion. However, 
these are a handful of reports on producing GO based nanocomposites, especially for 
biomedical applications. Therefore it is also of great interest to explorer graphene oxide 
as a novel phase transfer material for fabricating functional nanocomposites and 




This thesis mainly focused on the synthesis of high quality nanocomposites, subsequent 
investigation on their physical properties as well as exploration on their application in 
bio-imaging. Therefore this study can provide much useful information for future studies 




 To synthesize high quality monodispersed hydrophobic nanocrystals – 
superparamagnetic nanoparticles with high magnetization, zinc doped AgInS2 
(AIZS) QDs with bright emission, and heterostructured Fe3O4/Au nanoparticles. 
 To fabricate nanocrystal/silica core/shell structured nanocomposites with 
controllable shell thickness and narrow size distribution. 
 To prepare graphene oxide/QDs nanocomposites by using micro-emulsion and 
solvent evaporation process. 
 To evaluate the magnetic property, optical property and cytotoxicity of the 
obtained nanocomposites, as well as their subsequent performance on the bio-
applications at in vitro level. 
 Based on the specific objectives above, the rest of the thesis will be organized as 
follows. Chapter 3 describes the development of multifunctional magnetic silica 
nanocomposites for dual-mode imaging applications. Chapter 4 focuses on studying the 
photophysical property of silica coated AIZS nanocomposites and their in vitro bio-
imaging application using HeLa cells. Chapter 5 introduces the preparation of graphene 
oxide and AIZS QDs based fluorescent nanocomposites and the cellular imaging at in 
vitro level. Chapter 6 describes the synthesis of heterostructured Fe3O4/Au nanocrystals 
with surface plasmon resonance and magnetic properties. Finally, conclusion and future 
work will be discussed in Chapter 7. 
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Chapter 2  Characterization Techniques and Cell Cultivation 
 
The obtained samples were characterized by a series of tools to investigate their structure, 
morphology and properties.  
 
Table 2-1 Instruments used for characterizations. 
 
Characterization Company and Model 
X-ray Diffraction (XRD) Bruker D8 Advance 
Transmission Electron Microscopy (TEM) JEOL 2010 and 3010 
Electron Diffraction Spectroscopy (EDS) Oxford INCA 
Fourier Transform Infrared Spectroscopy (FT-IR) Varian 3100 FT-IR 
Dynamic Light Scattering Spectrometer (DLS) Malvern Zetasizer Nano-ZS 
X-ray Photoelectron Spectroscopy (XPS) Kratos AXIS Ultra DLD 
Atomic Force Microscopy (AFM) Veeco NanoScope IV 
Thermogravimetric Analysis (TGA) New Castle SDT Q600 
Vibrating Sample Magnetometer (VSM) LakeShore Model 7407 
UV-visible-IR Spectroscopy (UV-vis) Shimadzu UV-1601 
Photoluminescence Spectrometer (PL) Perkin-Elmer LS 55 
 
2.1 Structural Characterization 
 
2.1.1 X-ray Diffraction (XRD) 
All materials can be classified into two categories: crystalline structure and amorphous 
structure. XRD is a major tool to study the crystallographic structure of material. When 
X-ray is shed onto a crystal, the long range ordered atom array interacts with the X-ray 
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beam so that the diffracted beams interfere with each other. At certain angle, the 
interference is reinforced [1]. The collective signal can be recorded by XRD machine. It 
can be described by Bragg’s Law [2]: 
 2dsin(θ)=nλ        Eq.2-1 
Where d is the lattice spacing, θ is the diffraction angle, n is the integral order of 
diffraction, and λ is the wavelength of incident X-ray beam. 
In this thesis, XRD (Bruker AXS D8 Advance Diffractometer System, Germany) with 
monochromatic and Ni filtered Cu Kα radiation (λ = 1.54056 A) was used to study the 
crystalline phase.  
This technique have been used for characterizing the crystal structure of nanoparticles 
2.1.2 Transmission Electron Microscopy (TEM) 
Transmission electron microscopy (TEM) is a very powerful tool to gain the morphology 
and crystallographic information of nanomaterials. TEM used in this work was JEOL 
2010F operated at 200 KeV and JEOL 3010F operated at 300KeV. Energy dispersive X-
ray spectroscopy (EDS) was used to detect the elemental compositions of the samples. 
Selected area electron diffraction (SAED) pattern was acquired to be the complementary 
data to phase identification. From the SAED pattern, the inter-planer spacing can be 
derived using the relation [3]: 
 dhklR=Lλ        Eq.2-2 
where dhkl is lattice spacing for particular planes {hkl}, R is the radius of the diffraction 
ring, and Lλ is the camera constant. 
The sample preparation was conducted by dropping nanoparticles solution onto 400-mesh 
carbon-coated copper grids. The copper grids were dried under room condition. 
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This technique has been used to characterize the morphology of nanoparticles. 
2.1.3 Fourier Transform Infrared Spectroscopy (FT-IR) 
Fourier Transform Infrared Spectroscopy (FT-IR) is a useful tool to study the infrared 
part of the electromagnetic spectrum by an interferometer. It is used to investigate the 
surface vibrational properties, especially the features from the surface ligands. In this 
thesis, the FT-IR spectra were recorded on a Varian 3100 FT-IR spectrophotometer 
(Excalibur series, US). The samples were prepared by grinding the dry nanoparticles with 
KBr and subsequently casting the mixture into pellet. The chamber was purged for 10 
min with dried air to remove environmental moisture. Room temperature spectra were 
collected in the spectral range from 400 to 4000 cm
-1
 by averaging 64 scans with a 
nominal resolution of 4 cm
-1
. 
This technique has been used for characterizing the surface molecules of the 
nanoparticles. 
2.1.4 Dynamic Light Scattering Spectrometer (DLS) 
The hydrodynamic diameters of water-soluble nanoparticles were performed by using a 
DLS Zetasizer (Malvern Zetasizer Nano-ZS, Worcestershire, UK). Samples were 
dispersed in 1 mL of water or appropriate solvent in 1 mL disposable capillary cuvettes 
(DTS1060, Malvern, UK) for measurements. The sample was then inserted into the 
sample holder and equilibrated at 25 °C or 37 °C for 1 min before the measurement. The 
light source was using a 633 nm He-Ne laser. 




2.1.5 X-ray Photoelectron Spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS) uses photon-ionization and energy-dispersive 
analysis of the emitted photoelectrons to study the composition and electronic state of the 
surface of a sample. Besides, the relative concentrations of various constituents in the 
sample can be analyzed quantitatively by comparing the relative peak area of respective 
elements after taking the peak height sensitivity factors into consideration.  
 In this thesis, the XPS spectra were taken by using an Axis Ultra DLD X-ray 
photoelectron spectrometer equipped with an Al Kα X-ray source (1486.6 eV). The 
spectrum was obtained via collecting electrons ejected from core level by incident X-ray 
photons. The binding energy of the electron (EB) which identifies the electronic state is 
determined by the relationship as follows [4]:  
 EB=hν-KE-Ф        Eq.2-3 
Where hν is photon energy, KE is the kinetic energy of ejected electron, and Ф is the 
work function. 
This technique has been used to characterize the electron states of the C of graphene 
oxide.  
2.1.6 Atomic Force Microscopy (AFM) 
AFM is a powerful tool for determining the surface topography of samples at sub-
nanometer resolution. AFM is based on atomic forces such as Van der Waals forces. A 
sharp tip mounted at the end of a soft cantilever spring interacts with the surface of the 
sample [5, 6]. In this thesis, the AFM images are acquired by using Veeco NanoScope IV 
in tapping mode, where cantilever oscillates at near its resonance frequency. 
This technique has been used to characterize the morphology of gaphene oxide nanosheet. 
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2.1.7 Thermogravimetric Analysis (TGA) 
Themogravimetric analysis (TGA) is an analytical method which measures the amount 
and rate of weight change of a sample, either as a function of temperature or isothermally 
as a function of time, in a controlled atmosphere. It produces information about the 
weight change of a material due to dehydration, oxidation, and decomposition. In this 
thesis, TGA was performed on a simultaneous DSC/TGA instrument (TA Instruments 
SDT Q600, New Castle, DE). Dried powder sample was loaded into a small crucible 
purged with N2 gas (10 mL·min
-1
) at 100 °C for 10 min to remove residual moisture in 
the chamber. The test was carried out by heating to ~800 °C at 5 °C·min
-1
 under the N2 
environment. 
This technique has been used to measure the mass of the surfactants on AIZS QDs. 
 
2.2 Magnetic Property Characterization 
2.2.1 Vibrating Sample Magnetometer (VSM) 
Vibrating sample magnetometer (VSM) was used to characterize the magnetic properties 
of the samples. A sample placed in between two electromagnets undergoes vibration in 
the sinusoidal manner. Sinusoidal motion of the sample results in change of magnetic 
flux, which induces the voltage in the pick-up coil. The amplitude of this signal is 
proportional to the magnetic moment of the sample [7]. 
 In this thesis, magnetic moments of the samples was carried out by using VSM 
((LakeShore Model 7407 VSM, Westerville, OH) with the applied field up to 20 kOe at 
room temperature. Approximately 5~10 mg of dried powder samples wrapped in a non-
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magnetic aluminum foil was used for characterization. The sample was first saturated in a 
20 kOe magnetic field and then cycled from 20 kOe to -20 kOe and back again to 20 kOe 
at room temperature to obtain a hysteresis curve. 
This technique has been used to measure the magnetization of nanoparticles. 
 
2.3 Optical property characterization 
2.3.1 UV-visible-IR Spectroscopy 
The absorbance of semiconductors and surface plasmon resonance of gold can be 
characterized UV-vis-IR spectrometer from ultraviolet to infrared spectral region. As for 
semiconductor nanoparticles, absorption feature in UV-vis-IR spectrum reflects 
electronic transition from ground state to certain excited state which is discussed in 
Section 1.4.2. As for gold nanostructure, absorption in UV-vis-IR spectrum is a reflection 
of resonant oscillation frequency of collective free electrons in gold nanocrystal which is 
introduced in section 1.5.2.3. 
 In this thesis, the UV-vis-IR spectra were performed by UV-VIS 
spectrophotometer (Shimadzu UV-1800, Kyoto, Japan). The Samples were dispersed in 
non-polar solvent such as hexane and toluene, or in polar solvent such as DI-H2O or 
ethanol. Baseline was obtained using standard solution mentioned above and measured in 
the range of 200~800 nm at 1 nm sensitivity. As for gold nanostructure, the UV-vis-IR 
spectra were determined by Cary-2000 in the wavelength range from 350 to 1300 nm 
with a resolution of 1 nm. 
This technique has been used to characterize the absorption spectra of nanparticles. 
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2.3.2 Photoluminescence Spectrometer (PL) 
Photoluminescence (PL) spectra were performed on a luminescence spectrometer (Perkin 
Elmer LS 55 Fluorescence Spectrometer, Waltham, MA). The samples were in suspended 
in water or other appropriate solvents and measured in an open-sized 1 cm path-length 
quartz cuvette.  
This technique has been used to characterize the emission spectra of nanoparticles. 
 
2.4 Cell Culture Preparation  
NIH/3T3 mouse embryonic fibroblast cells are chosen as a modal demonstration. After 
thawed in warm water at approximately 37 ºC, the cells were mixed with 10 mL DMEM 
(Dulbecco’s Modified Eagle Medium) culture growth medium (supplemented with 10% 
bovine calf serum) and loaded in a cell culture vessel. The vessel was then transferred to 
the incubator set at 37 ºC in a 5% CO2 humidified environment, favoring the propagation 
of cells. After 48 hours incubation, the used growth medium was disposed and another 10 
mL of warm growth medium was added. After two rounds of medium changing, the cells 
are ready for in vitro cell viability tests and cellular imaging demonstration.  
 
2.5 Cellular Up-take 
In order to conduct cytotoxicity examination and in vitro cellular imaging, the samples 




 As for the cytotoxicity tests, MCF-7 cells were detached from the walls of the 
culture vessels by replacing the growth medium with 5 mL trypsin. Following that, the 
cells were pelleted by centrifugation at 500 rpm for 10 min. Subsequently the cells were 
re-suspended into the culture growth medium (DMEM/10%BCS). The cells 
concentration was counted and then diluted to 7.5×104 cells·mL
-1
. A volume of 0.1 mL 
of the cells solution was seeded into a 96-well plate (TPP) at a concentration of 7500 
cells per well. These cells were allowed to be incubated overnight (12h) at 37 ºC in 5% 
CO2 environment. Subsequently, various concentrations of samples with the identical 
volume of 20 µL were injected into each well pre-seeded with the NIH/3T3 cells. The 96-
well plate was then incubated at 37 °C for another 12 h under the same conditions. To 
test the cell viability, 10 µL of CCK-8 was added to each well and the cells were further 
incubated for another 4 h before the absorbance readings were taken. The absorbance 
readings were analyzed spectrophotometrically at 355 or 450 nm using FluoStar Optima 
microplate reader. Cell viability of control wells that contained NIH/3T3 cells but were 
not treated with samples were regarded as 100% cell viability. 
 As for the cellular imaging, the cell concentration of the stock solution is fixed to 
be 2.5×104 cells·mL
-1
. A volume of 0.4 mL of the stock solution was added into each 
well of the 8-well plate at a concentration of 1.0×10
4
 cells per well. The 8-well plate was 
then incubated at the 37 ºC in 5% CO2 environment for 24 hours. After treated with 
samples (10 µL) with various concentrations, the cells were allowed to undergo another 
24 hours incubation under the same condition. Following the incubation, the cell cultures 
were rinsed 2 times to remove dead cells and extra nanocomposites. The cellular imaging 
was carried out using a confocal microscope (Leica TCS SP5X with MP). The samples 
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were illuminated with diode laser at 405nm 50mW. The reference which contained 
NIH/3T3 cells but was not treated with samples was used to gain the imaging background. 
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Chapter 3  Synthesis of Silica Coated Magnetic Nanoparticles 
for Dual-mode Bio-imaging and Magnetic Hyperthermia 
 
3.1 Introduction 
Magnetic nanoparticles have attracted considerable attention in the past decades for their 
promising biomedical applications such as magnetic resonance imaging (MRI), magnetic 
hyperthermia and magnetic separation. [1-3] In this thesis, transition metal oxide 
nanoparticles were chosen for the study because they possess high magnetic saturation 
and they are stable in physiological environment compared to metal nanoparticles. Based 
on the review on the synthesis of magnetic nanoparticles (Section 1.4.1), the most widely 
adopted approach for synthesizing magnetic nanoparticles is thermal decomposition 
method in oil phase, which has advantages in controlling crystallization, composition, 
dimension, morphology and stability over hydrothermal and co-precipitation methods. [4-
6] The magnetic nanoparticles synthesized via this method can be suspended in non-polar 
solvent for long time storage but incompatible with water. 
In order to favor biomedical applications, the hydrophobic magnetic nanoparticles 
with sophisticatedly tuned properties have to be transferred to water phase via proper 
surface modifications. According to the review on the phase transfer methods (Section 
1.5), surface coating approach [7-9] especially silica coating has lots of advantages over 
ligand exchange approach, [10, 11] because silica is nontoxic, chemically inert, and its 
surface can be easily conjugated with various kinds of functional molecules such as 
organic dyes, mPEG and drugs. In this chapter, a modified sol-gel method was 
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demonstrated. Compared to conventional Stöber method [12-14] and reverse micro-
emulsion method [15-17], this approach is advantageous because the shell thickness is 
more convenient and precise to control. By using this method, the silica coated magnetic 
nanoparticles acquired the potential to become multifunctional nanocomposites for 
magnetic resonance imaging (MRI), fluorescence imaging, drug delivery and magnetic 
hyperthermia. [18, 19]  
The preparation of such silica coated magnetic nanocomposites was illustrated 
schematically in Figure 3-3 (Section 3.3). Prior to silica encapsulation, the magnetic 
nanoparticles have to be transferred into water by amphiphilic surfactant named 
cetyltrimethylammonium bromide (CTAB) through micelle-like interaction between their 
respective hydrophobic parts. [20] Following that the magnetic nanoparticles served as 
seeds for the growth of hydrolyzed tetraethyl orthosilicate (TEOS). In this investigation, 
it was able to demonstrate that the shell thickness can be conveniently tuned from 10 nm 
to 30 nm, resulting silica nanoparticles ranging from 30 to 80 nm. In order to increase the 
magnetization after silica coating, MnFe2O4 nanoparticles which possess higher magnetic 
saturation were introduced to substitute Fe3O4 nanoparticles as the core. It was also 
convenient to incorporate fluorescent organic dye such as fluorescein isothiocyanate 
(FITC) into the silica matrix by reacting it with (3-Aminopropyl)triethoxysilane (APTS), 
one of the ingredient used for silica encapsulation. In this chapter, it was demonstrated 
that the obtained MnFe2O4@SiO2 nanoparticles with high magnetization and low 




3.2 Experimental Procedures 
3.2.1 Synthesis of Hydrophobic Fe3O4 Nanoparticles and MnFe2O4 Nanoparticles 
The synthesis of Fe3O4 nanoparticles followed the established method by Hyeon with 
some modification. [21] The Iron (III) oleate complex was prepared by the following 
procedure. 2.7g FeCl3•6H2O and 9.125g sodium oleate were mixed with 20ml ethanol, 
15ml H2O and 35ml hexane. Then the mixture was heated and maintained at 65℃ for 4 
hours. The organic layer of iron-oleate was separated by separatory funnel and was 
washed for three times with DI-H2O. After washing, the organic layer was dried in oven 
to vaporize the remaining hexane, leaving brownish iron (III) oleate. 
 To synthesize 14 nm Fe3O4 nanoparticles, 1.8 g iron-oleate was dissolved in 10 g 
trioctylamine. The solution was slowly heated to 365℃ and kept at that temperature for 
one hour. The final blackish solution was cooled down to room temperature and the 
particles were separated upon adding iso-propanol. The precipitation was re-dissolved in 
hexane and washed with iso-propanol for three times to remove the unreacted reagents 
and byproducts. The final product Fe3O4 nanoparticles were dissolved in chloroform. 
 The synthesis of MnFe2O4 nanoparticles was based on previously reported 
method with modifications. [22] Typically, MnFe2O4 nanoparticles with average size of 
14 nm were synthesized in a one-pot reaction with 6 mmol Fe(acac)3, 3 mmol Mn(acac)2, 
20 mmol oleic acid, and benzyl ether (25 mL). The mixture was slowly heated up from 
room temperature to 165 °C and maintained for 30 min at this temperature. The reaction 
flask was then heated to 280 °C quickly. Finally, the reaction mixture was refluxed at 
280 °C for another 30 min to allow the nanocrystals to grow. The resulting blackish 
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mixture was cooled down and washed repeatedly using hexane and ethanol. The final 
product was dispersed in chloroform (25 mg mL
-1
) and the resultant ferrofluid was stored 
in a sealed glass vial at 4 °C. 
3.2.2 Phase Transfer of Hydrophobic Magnetic Nanoparticles Using CTAB 
Phase transfer was adopted from reported method for transferring Au nanoparticles into 
water phase. [23] Typically, ~9 mg Fe3O4 nanoparticles was dissolved in 1ml chloroform 
and then mixed with 5ml CTAB solution (0.2M) vigorously for 40 minutes. The mixture 
was then heated to 75℃ for 30 minutes to vaporize the chloroform, resulting clear deep 
brown solution of magnetic nanoparticles. 
3.2.3 Synthesis of Silica Coated Nanoparticles 
Typically, to coat 18 nm thickness silica shell, 5ml of phase transferred magnetic 
nanoparticles was dissolved in 45ml distilled water containing 50ul NaOH (2M). It was 
heated to 70℃ with stirring, and 400ul TEOS was added. 3ml ethyl acetate was then 
added. APTS was added 1 hour later. The reaction was allowed to be continued for 
another 2.5 hours. The silica coated magnetic nanoparticles were separated from the 
reaction solution by centrifugation at 10000 rpm for 20 minutes. The particles were 
rinsed with DI-H2O and ethanol for several times. 
3.2.4 Conjugation of Methoxy Poly(ethylene glycol) (mPEG) 
The surface of the silica shell was decorated with APTS during the silica coating process. 
Therefore it is very convenient to conjugate methoxy poly(ethylene glycol) succinimidyl 
carboxylmethyl (mPEG–NHS) on the surface via peptide bond. Typically, 2 mg of 
MnFe2O4@SiO2 nanoparticles dissolved in 10 mL ethanol was mixed with 10 mL ethanol 
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solution containing 20 mg mPEG–NHS. The mixture was allowed to be stirred at 40 °C 
for overnight. Following that, the sample was collected by centrifugation and washed 
with ethanol and DI-H2O repeatedly. 
3.2.5 Cytotoxicity Assay and in vitro Cellular Imaging 
in vitro cell viability tests were performed by incubating NIH/3T3 cells with the 
nanocomposites at different concentrations using a CCK-8 assay. NIH/3T3 fibroblast 
cells were grown in DMEM (Dulbecco's Modified Eagle Medium) culture growth 
medium (10% bovine calf serum) at 37 °C in a 5% CO2 humidified environment. The 
cells were then transferred to a 96-well cell culture plate (TPP 96) at an identical 
concentration of 7.5 × 10
4
 cells per mL (0.1 mL). 20 mL of the nanocomposites at 
different concentrations (from 200 µg mL
-1
 to 2 µg mL
-1
) was added into each well. 
Following that, the cells were incubated at 37 C in a 5% CO2 environment for 24 hours. 
Before the cell viability test, 10 µL cell counting kit-8 (CCK-8) was added into the 
culture media, followed by 4 hour incubation in the same environment. Absorbance 
readings were analyzed spectrophotometrically at 355 nm using a FluoStar Optima 
microplate reader. 
 in vitro cellular imaging was using the same cell lines. The cultivated cells were 
transferred to 8-well cell culture plate at an identical concentration of 2.5 ×10
4
 cells per 
mL (0.4 mL) other. These cells were then incubated in the same conditions for 24 hours. 
Subsequently 10 µL of the PEGylated MnFe2O4@SiO2 nanocomposites at different 
concentrations were added into desired wells followed by 24 hour incubation at 37 °C 
under 5% CO2 conditions. Following the incubation, the cell cultures were rinsed 2 times 
to remove extra nanocomposites and dead cells. The cellular imaging was carried out 
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using a confocal microscope (Leica TCS SP5X with MP). The samples were illuminated 
with a 50 mW diode laser at 405 nm. 
3.2.6 Characterizations 
The X-ray diffraction (XRD) patterns were obtained by an advanced diffractometer 
system (D8 Advanced Diffractometer System, Bruker, Karlsruhe, Germany). 
Transmission electron microscopy (TEM) images were obtained using a JEOL 3010 
microscope at an acceleration voltage of 300 kV. Samples were prepared by dipping 
carbon-coated copper grids into the sample solution followed by drying in an ambient 
environment. UV-Vis absorption spectra were recorded using a Shimadzu UV-1601 UV-
Vis spectrophotometer. The baselines were collected in the range of 350-800 nm with a 
sensitivity of 1 nm in hexane and de-ionized water, respectively. Photoluminescence (PL) 
spectra were collected in an open-sized 1 cm path-length quartz using a LS 55 Perkin-
Elmer luminescence spectrometer. FT-IR spectra were recorded on a Varian 3100 FT-IR 
(Excalibur series) spectrophotometer. Samples were prepared by casting pellets from 







3.3 Results and Discussion 
3.3.1 Synthesis of Hydrophobic Magnetic Nanoparticles 
 
Figure 3-1: TEM images of Fe3O4 nanoparticles with an average size 10 nm (A) and 14 
nm (B). Insets: high resolution TEM images (left) and SAED patterns (right) of 
corresponding samples. (C) XRD pattern of the corresponding Fe3O4 nanoparticles. 
 
 Fe3O4 nanoparticles were synthesized via thermal decomposition from precursor 
Fe(III)-oleate in high boiling point non-polar solvent. To produce 9 nm Fe3O4 
nanoparticles, 1-octadecene was selected as the solvent, the boiling point of which was 
about 320°C. Meanwhile, 14 nm Fe3O4 nanoparticles could be obtained by decomposing 
Fe(III)-oleate in the solvent of trioctylamine at 365°C without changing other parameters. 
The XRD patterns (Figure 3-1C) from both samples were collected. Both patterns 
possessed identical peaks at 2θ=30.1, 35.4, 43, 57, and 62.5°, which represented the (220), 
(311), (400), (511), and (440) planes of magnetite crystal structure. There was little 
difference between the two sets of samples according to the observation on the XRD 
pattern. The SAED patterns of the corresponding samples also displayed identical 
diffraction rings of (440) and (400) indices of the magnetite crystal structure (insets of 
Figure 3-1A, B). These characterizations proved that the as-prepared Fe3O4 nanoparticles 
processed good crystallinity. In the meantime, the TEM images (Figure 3-1A, B) of both 
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samples showed that the Fe3O4 nanoparticles synthesized at 320°C were about 9 nm, 
while those synthesized at 365°C were approximately 14 nm. It was determined that the 
temperature exerted prominent influence on tuning the size of nanoparticles in this study, 
which is consistent with previous investigations. [24] 
 It could also be seen that the harvested Fe3O4 nanoparticles were monodispersed 
cubic-like nanocrystals. It was highly possible that the cubic shape resulted from the 
remaining Na-oleate in the precursor, [25] which is very difficult to be completely 
removed due to the sticky state of the precursor. In fact, the shape of the nanocrystals 
could be regulated by many factors including temperature, annealing time and surfactants. 
[24] The high resolution TEM images (Figure 3-1A, B insets) of both samples clearly 
displayed typical Fe3O4 nanoparticles which were quasi-cubic shape. It was a 
consequence of the collaboration of two surfactants of oleic acid and Na-oleate. Besides, 
the inter-fringe spacings could be observed and measured to be 2.08Å and 2.98Å for 9 
nm and 14 nm Fe3O4 nanoparticles, indicating (400) planes and (220) planes, respectively.  
 
Figure 3-2: TEM images of MnFe2O4 nanoparticles with an average size 10 nm (A) and 
14 nm (B). Insets: high resolution TEM images (left) and SAED patterns (right) of 





 Alternatively, the manganese ferrite nanoparticles (MnFe2O4) were synthesized in 
benzyl ether by using Mn(acac)2 and Fe(acac)3 as precursor and oleic acid as surfactant. 
The detailed discussion of this synthesis method can be found in previous report. [22] 
The size of the nanoparticles was tuned simply by changing the amount of the precursors. 
In this study, monodispersed MnFe2O4 nanoparticles with an average size of 10 nm and 
14 nm were successfully obtained. As shown in the TEM images (Figure 3-2A, B), 
MnFe2O4 nanoparticles of both sizes were quasi-octahedral shape, consistent with 
previous reports. [22] The TEM images also exhibited no aggregation of nanoparticles, 
indicating prominent solubility and stability in hydrophobic solvent. In the high 
resolution TEM images (Figure 3-2A, B insets), the lattice fringe was measured to be 
approximately 0.295 nm, corresponding to the d-spacing of (220) lattice planes. The 
SAED patterns of both samples clearly displayed the diffraction rings of (220), (400) and 
(440) lattice planes respectively (insets of Figure 3-2A, B). The XRD pattern (Figure 3-
2C) showed that the diffraction peaks of MnFe2O4 nanoparticles had no shift compared to 




3.3.2 Phase Transfer and Silica Coating of Nanoparticles 
 
Figure 3-3: Schematic illustration of the procedure for synthesizing silica coated 
magnetic nanoparticles. 
 
 The process of fabricating silica coated magnetic nanoparticles was illustrated in 
Figure 3-3. Prior to the silica coating, the hydrophobic nanoparticles were phase 
transferred by CTAB. CTAB is a type of amphiphilic molecule with positively charged 
head and hydrophobic tail in water. After mixed chloroform solution of nanoparticles and 
CTAB aqueous solution, gel-like mixture was formed. As the hydrophobic solvent of 
chloroform was evaporated when heating up the mixture, the hydrophobic tail of CTAB 
can intercalate the surface ligands of these magnetic nanoparticles via hydrophobic 
interaction. The positively charged end headed outwards, repelling each other via 
electrostatic force. The electrostatic repulsion between transferred nanoparticles was 
strong enough to prevent them from aggregation. Thus the additional layer of the cationic 
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surfactant was effective to transfer the hydrophobic magnetic nanoparticles into aqueous 
solution. As shown in TEM image (Figure 3-4), the phase transferred Fe3O4 nanoparticles 
showed no aggregation. Both Fe3O4 nanoparticles and MnFe2O4 nanoparticles can be 
successfully phase transferred by using this method. 
 
Figure 3-4: TEM images of Fe3O4 nanoparticles phase transferred by using CTAB 
dispersed in H2O. 
 
 Although CTAB can transfer a wide variety of hydrophobic nanoparticles into 
hydrophilic nanoparticles, using CTAB alone cannot apply the water-soluble 
nanoparticles directly for any biomedical applications. First of all, the fundamental idea 
of using CTAB to transfer nanoparticles is encapsulating hydrophobic nanoparticles into 
CTAB micelles. It relies on high concentration of CTAB in the solution. If the solution is 
diluted, the established micelles can collapse. Secondly, this layer of CTAB is not 
adequate to isolate the core from the surroundings, making the nanoparticles prone to 
erosion. Such situation can be detrimental to the physical property of the core 
nanoparticles as well as the health of the organisms. Moreover, the surface of the CTAB 
modified nanoparticles is difficult to be further functionalized or conjugated with any 
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desired biomolecules. The surface conjugation with biomolecules such as PEG is critical 
in almost any circumstance in biomedical applications, in order to prevent protein 
adsorption as well as aggregation induced by the abundant ions in physiological 
conditions. In that sense, silica coating was chosen as an effective way for further 
protecting the magnetic nanoparticles as well as providing a platform for surface bio-
conjugation. 
 
Figure 3-5: TEM images of silica nanoparticles prepared by using different concentration 
of NaOH with identical concentration of Fe3O4 nanoparticles. (A) 12 mM, (B) 8 mM, (C) 
4 mM. 
 
 The silica coating was performed by using heating up protocol established by 
Hyeon. [18] In this study, it was found that the concentration of the NaOH could be 
critical to the successful synthesis of monodispersed core/shell structured magnetic 
nanocomposite. The TEM images (Figure 3-5) acquired from three samples using 
different concentrations of NaOH (from 12 mM to 4 mM) showed that the concentration 
of NaOH in the reaction solution should be maintained at 4 mM. Therefore the 




Figure 3-6: TEM images of Fe3O4 nanoparticles with different silica shell thickness, (A, 
B) 30 nm; (C, D) 18 nm; (E, F) 10 nm; (G, H) 5 nm. (J, K) TEM images of MnFe2O4 
nanoparticles with 10 nm silica shell. 
 
 The silica shell thickness was tuned by controlling the amount of TEOS while 
keeping the concentration of magnetic nanoparticles fixed. The concentration of the 
Fe3O4 nanoparticles or MnFe2O4 nanoparticles in the reaction solution was 0.2 mg·mL
-1
. 
As shown in the TEM images (Figure 3-6), by reducing the volume of TEOS from 500 
µL to 300 µL, the thickness of silica shell could be reduced from 30 nm to 10 nm. When 
the volume of TEOS was further decreased to 200 µL, the thickness of the silica layer can 
be reduced to 5 nm. However, the Fe3O4 nanoparticles showed aggregation and the silica 
shell inter-connected with each other. It was probably because the deficiency of TEOS 
monomers in the solution made the polymerization and condensation of hydrolyzed 
TEOS occurred between the silica nanoparticles. Following Fe3O4 nanoparticles, 





3.3.3 Magnetic Property of Hydrophobic Nanoparticles and Silica Coated 
Nanoparticles 
 
Figure 3-7: (A) VSM profile of 9 nm and 14 nm Fe3O4 nanoparticle. (B) Enlarged area at 
low magnetic field of 9 nm and 14 nm Fe3O4 nanoparticles. Inset: photos of a ferrofluid 
of Fe3O4 nanoparticles dissolved in hexane before (left) and after (right) the magnetic 
field is applied. 
 
 The magnetic properties of the two sets of samples were measured by VSM. The 
obtained data showed that the magnetic saturation can reach 40 emu/g and 60 emu/g for 9 
nm and 14 nm Fe3O4 nanoparticles, respectively. These results were consistent with 
previous report. [26] High resolution VSM (Figure 3-7B) showed nearly negligible 
hysteresis loop, suggesting that the obtained Fe3O4 nanoparticles of both sizes were 
superparamagnetic at room temperature. Taking advantages of the superparamagnetic 
property and the hydrophobic ligands coating, these nanoparticles dispersed in hexane 
have been stored at room temperature for over one year without any aggregation or 
precipitation. The inset image showed that the superparamagnetic fluid (14 nm 
nanoparticles dispersed in hexane) could be easily attracted towards an external magnet, 
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indicating that the nanoparticles had magnetic properties and the solubility in non-polar 
solvent was outstanding. 
 
 
Figure 3-8: (A) VSM profile of 10 nm and 14 nm MnFe2O4 nanoparticle. (B) Enlarged 
area at low magnetic field of 10 nm and 14 nm MnFe2O4 nanoparticles. Inset: photos of a 
superparamagnetic fluid of MnFe2O4 nanoparticles dissolved in hexane before (left) and 
after (right) the magnetic field is applied. 
 
 The magnetic property of the MnFe2O4 nanoparticles was also characterized by 
the VSM. As seen in the Figure 3-8A, the highest magnetization of 10 nm and 14 nm 
MnFe2O4 nanoparticles were about 66 emu/g and 80 emu/g respectively. The obtained 
magnetization saturation was obviously higher than that of Fe3O4 nanoparticles. It could 
also be seen that the magnetic susceptibility of MnFe2O4 nanoparticles was higher. The 
MnFe2O4 nanoparticles could reach the magnetization saturation at lower magnetic field 
than Fe3O4 nanoparticles. Also shown in Figure 3-8B inset, the hexane solution of 
MnFe2O4 nanoparticles acted as superparamagnetic fluid and responded much more 
strongly to the external magnet. The slop of the fluid was more obvious than that of 
Fe3O4 solution. It is because the substitute Mn
2+
 has 5 unpaired 3-d electrons while Fe
2+
 
has 4 unpaired 3-d electrons. [27] Such substitution made the MnFe2O4 nanoparticles can 
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be more easily magnetized and utilized at low magnetic field. This is important for the 
application of magnetic nanoparticles as the magnetic materials can be harnessed at lower 
field in practical diagnostics and therapy. Also similar to Fe3O4 nanoparticles, the VSM 
data of MnFe2O4 nanoparticles showed superparamagnetic feature with negligible 
hysteresis loop at room temperature.  
 
Figure 3-9: Magnetic properties of Fe3O4 nanoparticles with different silica shell 
thickness of 30 nm, 20 nm, 10 nm and MnFe2O4 nanoparticles with 10 nm silica shell 
thickness. 
 
 The silica coating can significantly affect the magnetic properties of these 
magnetic nanoparticles. As shown in Figure 3-9, the magnetization of the Fe3O4@SiO2 
nanoparticles with different silica shell thickness and MnFe2O4 nanoparticles with 10 nm 
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silica shell were characterized. These VSM result demonstrated that the magnetization 
values of the Fe3O4@SiO2 samples with 30 nm, 20 nm, and 10 nm silica shells were 3 
emu/g, 6 emu/g, and 8 emu/g, respectively. (This value were calculated by using the total 
mass of the nanocomposites, not indicating the actual Ms of the core Fe3O4 nanoparticles.) 
The decrease in the magnetization values could be explained by the increase in mass 
gained from the silica shell. Thicker silica shell can produce nanocomposites with lower 
magnetization value. To compensate the magnetization loss, MnFe2O4 nanoparticles 
which showed higher magnetization were used to substitute Fe3O4 nanoparticles. The 
MnFe2O4@SiO2 nanoparticles with 10 nm silica shell possessed a higher magnetization 
of 11.1 emu/g (the same as above). The obtained magnetization value was thus increased 
by 38.7%. Moreover, similar to the hydrophobic magnetic nanoparticles, the 
susceptibility of MnFe2O4@SiO2 was still higher than that of Fe3O4@SiO2 nanoparticles, 
suggesting the MnFe2O4@SiO2 nanocomposites could respond more quickly and strongly 
to the external magnetic field. 
 
3.3.4 Magnetic Resonance Imaging (MRI) and Magnetic Hyperthemia of 
MnFe2O4 Nanoparticles 
The obtained MnFe2O4@SiO2 nanoparticles were applied to MRI test and hyperthermia 
test. Figure 3-10A plotted T2 relaxation rate against Fe concentration of MnFe2O4@SiO2 
sample at 25 °C. As suggested by the plot, the presence of MnFe2O4@SiO2 nanoparticles 
can provide enhancement effect of T2 relaxivity. As the concentration of the 
MnFe2O4@SiO2 increased, the 1/T2 values increased, indicating improved contrast signal 
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from samples. Besides, the T2 relaxation rate as high as 49.3 s
-1





 could be achieved at Fe concentration 0.25 mM.  
 
Figure 3-10: (A) Plot of T2 relaxation rate (1/T2) against iron concentration at 25 °C. (B) 
Time dependent temperature curve of 1 mL of 0.1 mg Fe mL
-1
 MnFe2O4@SiO2 
nanoparticles under exposure of 41.98 KA/m field at 240 kHz frequency. 
 
 The hyperthermia test was carried out at 240 kHz frequency under exposure of 
41.98 KA/m field. The performance of the sample for hyperthermia is characterized by 






       
        Eq.3-1 
where C is the specific heat of the medium, ∆T/∆t is the initial slope of the time-
dependent temperature curve, and mFe+mMn is the sum of the weight fraction of Fe and 




. The initial slop of the 
time-dependent temperature curve was determined by the first 100 data point, which was 
calculated to be 0.0464 °C/s. The weight fraction of Fe (0.1 mg mL
-1
) and Mn (0.006 mg 
mL
-1
) in the medium in total was measured to be 0.106 mg mL
-1
 by ICP elemental 
analysis. This result was consistent with the EDS data (Figure 3-11). Therefore SAR 
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could be calculated to be 1635 W/g. The obtained SAR value of the MnFe2O4@SiO2 
nanoparticles was higher than the reported Fe3O4 nanoparticles and also 50% higher than 
MnFe2O4 nanoparticles in clusters states. [28, 29] 
 
Figure 3-11: EDS data of 14 nm hydrophobic MnFe2O4 nanoparticles. Peak label of 
irrelevant elements are removed from the image. 
 
3.3.5 PEGylation, Colloidal Stability and Cytotoxicity Assay of Silica Coated 
MnFe2O4 Nanoparticles 
After the silica coating, the nanocomposites were also subjected to the PEG coating 
because the bare silica nanoparticles cannot maintain stability in ionic solvent such as 
physiological condition. The electrostatic repulsion between nanocomposites can be 
easily screened by counter ions. Besides, the PEG can also help to prevent protein 
adsorption which usually leads to aggregation and shortened circulation life. To 
conjugate PEG to the nanocomposites, the surface of silica shell was pre-decorated with a 
layer of APTS with amine groups. These amine groups can react with mPEG-NHS to 
form stable amide bond.  
The colloidal stability of the PEGylated magnetic nanocomposites (demonstrated 
by using MnFe2O4@SiO2 nanoparticles) was monitored via particle size measurement 
using DLS, recorded at periodic time intervals. The measurements shown in Figure 3-
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12A were performed in PBS 1× solution at both 25 °C and 37 °C. The inset displayed the 
hydrodynamic size of MnFe2O4@SiO2 nanocomposites in DI-H2O before PEGylation, 
which was determined to be approximately 76 nm. This size was larger than observation 
from the corresponding TEM images because surface of silica was occupied by OH
-
 in 
water. The charged surface created an electrical double layer, which resulted in an 
increased colloidal hydrodynamic radius. [30, 31] After PEGylation, it can be seen 
clearly that the colloidal hydrodynamic size increased to about 92 nm. This increase in 
hydrodynamic size could be explained by the successful conjugation of PEG because 
there was no obvious aggregation occurred according to the TEM observation (Figure 3-
12B).  
Although the PEG coating evidently increased the hydrodynamic size of the 
nanocomposites, the PEG molecules enhanced the colloidal stability of the 
nanocomposites in the PBS 1× solution because the flexible PEG chains provided extra 
steric repulsion to prevent the aggregation. As can be seen in Figure 3-12A, the 
hydrodynamic size of the nanocomposites at 25°C was maintained at ~92 nm during 36 
hours monitoring. The test ran at 37°C showed that the hydrodynamic size increased 
slightly to 95 nm and this size was stable throughout the measurement. 
 
Figure 3-12: (A) Colloidal stability of MnFe2O4-SiO2-PEG nanoparticles measured at 
25 °C and 37 °C in PBS 1× solution, respectively. Inset: hydrodynamic size of MnFe2O4-
SiO4-PEG nanoparticles in DI-H2O at 25 °C. (B) Corresponding TEM image of the 
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obtained MnFe2O4-SiO2-PEG nanoparticles dispersed in DI-H2O. (C) Dose-dependent 
viability evaluation of NIH/3T3 cells treated with MnFe2O4-SiO2-PEG nanoparticles 
 
 After PEGylation, the MnFe2O4@SiO2 nanoparticles were subjected to the 
cytotoxicity test, demonstrated by using NIH/3T3 cell lines. The MnFe2O4@SiO2 
nanocomposites were chosen as an example for cytotoxicity test because it contained Mn 
element, which was supposed to be potentially more toxic than Fe element. In the 
cytotoxicity test, identical volume of MnFe2O4@SiO2-PEG nanocomposites of different 
concentrations (from 2 µg·mL
-1
 to 200 µg·mL
-1
) were incubated with the cells at 37 °C 
for 24 hours before CCK-8 assay (based on the activity of the dehydrogenases of the 
living cells) was performed. The concentrations of the sample were determined by ICP 
measurement. Although the diagram in Figure 3-12C showed a dose dependent decrease 
in cell viability, the viabilities of cells were above 80% throughout the samples. The 
viability was calculated as follows: 
                
                                        
                                 
 
This result indicated that the MnFe2O4 nanoparticles encapsulated and protected by both 





Figure 3-13: (A) photoluminescence spectra of MnFe2O4-SiO2-FITC nanoparticles 
(dashed line: excitation spectrum, solid line: emission spectrum). Inset: MnFe2O4@SiO2-
FITC nanoparticles dispersed in DI-H2O under room light (left) and UV light (right) 
conditions. (B) TEM images of corresponding MnFe2O4@SiO2-FITC nanoparticles. (C) 
Merged CLSM image of NIH/3T3 cells stained by MnFe2O4@SiO2-PEG nanoparticles. 
Inset: High resolution fluorescent image of two typical NIH/3T3 cells.  
 
 Not only PEG, but also other molecules such as organic dyes can be incorporated 
into the structure, further rending the nanocomposites with multifunctionality. In this 
study, Fluorescein isothiocyanate (FITC) was adopted for demonstration. In general, 
FITC conjugated APTS was reacted together with the TEOS during silica coating process. 
The obtained MnFe2O4@SiO2 nanocomposites exhibited bright green light emission 
under UV lamp (inset of Figure 3-13A). The corresponding excitation and emission 
spectra in Figure 6A illustrated typical fluorescein spectra, indicating the incorporated 
fluorescein maintained the photophysical properties. The TEM image of the fluorescent 
MnFe2O4@SiO2 nanocomposites (Figure 3-13B) showed that there was no obvious 
change in the morphology of the prepared nanocomposites.  
After PEGylation, these fluorescent nanocomposites were applied to in vitro 
cellular imaging using NIH/3T3 cells. The performance of these nanocomposites to stain 
cells was carried out by using a confocal laser scanning microscope (CLSM) with a laser 
source at 405 nm. Figure 3-13C showed the typical merged CLSM image of NIH/3T3 
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cells after incubation with the fluorescent MnFe2O4@SiO2 nanocomposites for 24 hours 
at a concentration of 100 µg mL
-1
. The inset of Figure 6C displayed the dark field CLSM 
image of two typical NIH/3T3 cells. The green emission from the cells indicated that the 
cells were successfully stained with the fluorescent nanocomposites. The nanocomposits 
were either entered into or attached to the cells. Although the pathway of endocytosis 
remains not well established, the present images showed that the as-prepared fluorescent 
nanocomposites evidently entered into the cytoplasm, leaving the unlabeled nucleus in 
the center of cells. This experiment demonstrated that it is convenient to modify silica 
based nanocomposites into a multifunctional platform for various biomedical applications. 
 
3.4 Summary 
In summary, silica coated magnetic nanoparticles have been successfully synthesized. 
The original hydrophobic magnetic nanoparticles were encapsulated by silica spheres and 
readily dispersed in water. The magnetic properties of the silica coated magnetic 
nanoparticles showed decrease in magnetization saturation, compared to the hydrophobic 
nanoparticles before silica coating. This is inevitable due to the additional silica shell. In 
order to minimize this negative influence, the shell thickness was tuned to approximately 
10 nm and the core material was replaced with MnFe2O4 nanoparticles with higher 
magnetization. The MRI and hyperthermia tests demonstrated that the as-prepared 
MnFe2O4@SiO2 nanoparticles could provide good performance in diagnostic and 
therapeutic fields. Meanwhile, the MnFe2O4@SiO2 nanocomposites showed low toxicity 
in the cytotoxicity assay. Finally, the photoluminescent property of fluorescein-
incorporated MnFe2O4@SiO2 nanoparticles was characterized and this functionality 
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could be exploited for multi-mode imaging purposes by combining with MRI imaging. In 
this investigation, silica coated magnetic nanoparticles proved to be a promising versatile 
platform for multi-purpose biomedical applications.  
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Chapter 4  Synthesis of Silica Coated Zinc-doped AgInS2 
Nanoparticles for in vitro Cellular Imaging 
 
4.1 Introduction 
Apart from magnetic resonance, fluorescence is another useful tool for the application of 
bio-imaging. Over the past decades, organic dyes, luminescent proteins and 
semiconductor quantum dots (QDs) have been developed for this purpose. [1-4] As 
explained in Chapter 1 (Section 1.3), compared with organic dyes and luminescent 
proteins, QDs have a lot of advantages such as broader excitation spectra, narrower and 
more symmetric emission spectra, and higher stability against photobleaching. However, 
traditional QDs are not environmentally friendly because they contain highly toxic 
elements such as cadmium or lead. Although surface coating techniques have been 
utilized for limiting the leaking of these toxic elements, [5-11] there is still doubt upon 
their future applicability in biomedicine.  
To overcome this problem, ternary I–III–VI2 chalcopyrite-type semiconductor 
nanoparticles, including AgInS2 and CuInS2, can be used to replace the traditional QDs as 
cell imaging agents because of their Cd- and Pb-free features. [12, 13] In the past several 
years, a lot of studies have been put on tuning PL emission spectra and improving 
quantum yield of I-III-VI2 nanoparticles.[14-16] The rapid research progress in 
synthesizing I–III–VI2 semiconductor nanoparticles with well controlled structure and 
properties premises their potential as successful bio-labeling agents. [17] However, 
similar to traditional QDs, I-III-VI2 semiconductor nanoparticles with well-controlled 
81 
 
morphology, size and compositions are commonly synthesized from thermal 
decomposition in organic solvents.[18, 19] Therefore similar to hydrophobic magnetic 
nanoparticles, a phase transfer process is also necessary to make the I-III-VI2 
nanoparticles water soluble before they are applied to bio-imaging. Nonetheless few 
studies have been done focusing on phase transfer of I-III-VI2 nanoparticles for biological 
applications. 
Inspired by the advances of the synthesis of Zn-doped AgInS2 (AIZS) 
nanoparticles and successful synthesis of silica coated magnetic nanoparticles, the aim of 
this chapter is to apply the silica coating method used in Chapter 3 to encapsulate the 
AIZS nanoparticles, followed by exploring the cytotoxicity as well as the application in 
in vitro cellular imaging. Herein, successful synthesis of AIZS/SiO2 nanoparticles was 
demonstrated in this chapter. In this work, the silica thickness could be well controlled 
within 10 to 20 nm and the overall size of the core/shell nanoparticles was less than 50 
nm. The PL properties of the obtained core shell nanoparticles were then characterized in 
comparison with the original AIZS nanoparticles. Moreover, the obtained core/shell 
nanoparticles were conjugated with PEG and their cytotoxicity effect upon NIH/3T3 cells 
was evaluated. The cellular imaging of the core/shell nanoparticles was also successfully 
demonstrated by using Hela cells. 
 
4.2 Experimental Procedures 
4.2.1 Synthesis of Zn-doped AgInS2 (AIZS) Nanoparticles:  
AIZS nanoparticles were synthesized according to the reported procedure with some 
modifications. [19] Typically, to synthesize AIZS nanoparticles with red color emission, 
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0.1 mM indium acetate, 0.1 mM silver nitrate, 0.1 mM oleic acid, 2 mM n-dodecanethiol 
(DDT), 50 µL Trioctylphosphine (TOP), and 4 mL of 1-octandecene (ODE) were loaded 
into a three-neck flask. The mixture was heated to 180℃ and 0.1 mM sulfur dissolved in 
ODE and oleylamine (OAM) was injected. After 10 mins, 0.1mM Zinc Stearate in ODE 
was injected. Then the temperature was allowed to heat to 210℃  quickly and was 
annealed for 30 mins before cooling down. The products were rinsed with ethanol and 
acetone repeatedly for purification. After that, the as-prepared AIZS nanoparticles were 
dispersed in hexane or chloroform. As reported [19], the color emission of the AIZS 
nanoparticles could be readily tuned by tailoring their Zn amount, which can be realized 
by adjusting the injection temperature of zinc source. Thus, AIZS nanoparticles with 
other three color emissions, including orange, yellow and green, were synthesized by 




C and 80 
o
C, respectively. 
4.2.2 Phase Transfer and Silica Coating on AIZS Nanoparticles:  
 




The strategy for phase transfer of AIZS nanoparticles and subsequent silica 
coating was illustrated in Figure 4-1. The process was similar to that used in Chapter III 
for synthesizing magnetic silica nanocomposites, which was adopted from the published 
papers with some modifications. [20, 21] Typically, 1mL solution of chloroform 
containing 10 mg of AIZS nanoparticles were added into 5mL 0.25M 
Cetyltrimethylammonium Bromide (CTAB) solution. After vigorous vortex and 
sonification for 40 minutes, the opaque solution became semi-transparent gel. The gel 
was then heated to 70℃ to evaporate the chloroform, leaving a transparent red brownish 
solution. To coat silica shell on AIZS, 1 mL of the obtained solution was mixed with 45 
mL H2O and 10 µl NaOH (2M) and heated up to 70℃. Then 500μL TEOS and 3 mL 
ethyl acetate were injected subsequently. After stirring for 10 hours, the resultant solution 
was allowed to cool down and centrifuged at 10000rpm for 20 mins. The precipitate was 
collected and washed with water and ethanol for four times to remove any unreacted 
precursors. Then the products were dissolved in ethanol for PEGylation. 
4.2.3 PEGylation of AIZS/SiO2 Nanoparticles:  
To conjugate AIZS/SiO2 nanoparticles with PEG functional group, the bare silica surface 
was pre-modified with (3-Aminopropyl)trimethoxysilane (APTS). Approximately 2 mg 
of AIZS/SiO2 nanoparticles were dissolved in 10mL ethanol and 10μL APTS were then 
added. The mixture was allowed to keep stirring overnight and the aminated particles 
were collected by centrifugation. These particles were washed with ethanol for several 
times and then suspended in ethanol again. The resulted AIZS/SiO2/APTS particles were 
then added into an ethanol solution containing 20 mg methoxyl poly(ethylene glycol) 
Succinimidyl Carboxylmethyl (mPEG-NHS, MW2000). After stirring at 40℃ for 6 h, the 
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particles were rinsed with ethanol for several times and re-dispersed in DI-H2O, 
phosphate buffered saline (PBS 1×, 10 mM, pH 7.4) solution and bovine calf serum (BCS) 
solution for colloidal stability test. 
4.2.4 Cellular Labeling and Cytotoxicity Assay of AIZS/SiO2 Core/Shell 
Nanoparticles 
Hela cells were placed in a 96-well plate, and incubated at 37℃ and 5% CO2 in air. After 
24 h, 10 µL of AIZS/SiO2 nanoparticles with AIZS concentration of 100 μg·mL
-1
 were 
injected into each well. The cells were then incubated for 24 h at pH 7.4. After incubation, 
the cells were observed using Olympus Ix2-DSU disk scanning confocal microscope for 
UV cell imaging. Cytotoxicity test was using NIH/3T3 cell lines treated with 10µL 
AIZS/SiO2-PEG nanoparticles with the same incubation condition. After 24 h, 10µL cell 
counting kit-8 (CCK-8) was added to each well and incubated for another 4 h. Then the 
absorbance was recorded by FLUOstar OPTIMA. The survival rate was calculated as a 
percentage from nanoparticles treated cells to control cells, which were treated with pure 
PBS. 
4.2.5 Characterizations 
The X-ray diffraction (XRD) was obtained by Advanced Diffractometer System (D8 
Advanced Diffractometer System, Bruker, Karlsruhe, Germany). Transmission electron 
microscopy (TEM) images were obtained using JEOL 2010 microscope at an 
acceleration voltage of 200 kV. Samples were prepared by dipping carbon-coated copper 
grids into the sample solution followed by drying at ambient environment. UV-Vis 
absorption spectra were carried out using Shimadzu UV-1601 UV-Vis spectrophotometer. 
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The Baselines were collected in the range of 350 – 800 nm at 1 nm sensitivity in hexane, 
and de-ionized water respectively. Photoluminescence (PL) spectra were measured in 
open-sized 1 cm path-length quartz using a LS 55 Perkin–Elmer Luminescence 
Spectrometer. FT-IR spectra were recorded on a Varian 3100 FT-IR (Excalibur series) 
spectrophotometer. Samples were prepared by casting pellets from sample/KBr mixtures 
64 scans were signal averaged with a resolution of 4 cm
-1
 at room temperature. The cell 




4.3 Results and Discussion 
4.3.1 Synthesis of Zinc-doped AgInS2 Nanoparticles 
 
Figure 4-2: XRD patterns of Zinc doped AgInS2 nanoparticles with red (I), orange (II), 
yellow (III) and green (V) emissions. 
 
The synthesis strategy of AIZS/SiO2 nanoparticles was illustrated in Figure 4-1. 
Firstly, the AIZS nanoparticles were synthesized via a thermal decomposition route. In 
the first experiment, the injection temperature of zinc source was set at 180 
o
C. As a 
result, the obtained AIZS nanoparticles showed red emission under UV excitation. The 
AIZS nanoparticles with orange, yellow and green emissions were fabricated by using the 





C and 80 
o
C, respectively. [19] The XRD (Figure 4-2) pattern of the 
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nanoparticles showed a peak shift from bulk AgInS2 towards bulk ZnS, indicating 
successful diffusion of zinc into AgInS2 orthorhombic structure. To further verify the 
successful synthesis of AIZS nanoparticles, elemental analysis was performed by using 
EDS. The EDS result revealed that AIZS nanoparticles with shorter emission wavelength 
processed higher Zinc ratio (Figure 4-3). The TGA diagram (Figure 4-4) of AIZS 
nanoparticles with red mission showed that the surfactants on the surface took 
approximately 47 wt% of the total weight of the obtained AIZS nanoparticles. 
 
Figure 4-3: EDS of AIZS nanoparticles. Inset: element ratio between Ag, In and Zn in 





Figure 4-4: TGA curve for AIZS nanoparticles with red emission. 
 
Figure 4-5 presented the TEM images of the as-prepared AIZS nanoparticles with 
green, yellow, orange and red emissions, respectively. The AIZS nanoparticles with 
orange and red emission had an average size of ~ 8 nm. However, the AIZS nanoparticles 
with green and yellow emissions had an average diameter about 4 nm each, which was 
much smaller than that of the nanoparticles with orange and red emission. The TEM 
images of the obtained AIZS nanoparticles showed that the nanoparticles of four 
emission colors were monodispersed with uniform sizes. The good dispersity of the AIZS 




Figure 4-5: TEM image of the AIZS nanoparticles with green (A), yellow (B), orange (C), 
and red (D) emissions dispersed in hexane.  
 
4.3.2 Phase Transfer and Silica Coating of AIZS Nanoparticles. 
The as-prepared AIZS nanoparticles were phase transferred by cationic surfactant CTAB, 
which has a cationic quaternary amine headgroup and an alkyl chain tail. Therefore the 
AIZS nanoparticles can be stabilized by CTAB via van der Waals intercalation between 
AIZS surface ligands and alkyl chain of CTAB. As illustrated in Figure 4-1, the 
nanoparticles were encapsulated by a double-layer structure with outward facing cationic 
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heads in water. The final aqueous solution was translucent, implicating good dispersity of 
AIZS-CTAB micelles in water. Figure 4-6 displays the TEM images of AIZS 
nanoparticles with red emission dispersed in hexane (Figure 4-6A) and DI-H2O (Figure 
4-6B) respectively. Figure 4-6A exhibited AIZS nanoparticles before phase transfer. The 
inset high resolution TEM in Figure 4-6A showed one typical AIZS nanoparticle with a 
lattice spacing of 0.14 nm, which corresponded to (112) face of AgInS2 orthorhombic 
structure. The histogram shows that the average size of the AIZS nanoparticle is 
approximately 7.5 nm. Besides, Figure 4-6B shows the TEM image of water-soluble 
AIZS nanoparticles stabilized by CTAB. No obvious aggregation was observed, 
indicating successful phase transfer and single capsulation of AIZS nanoparticles with 
CTAB micelles.  
 
Figure 4-6: (A) AIZS nanoparticles with red emission dispersed in hexane. Inset: HR-
TEM of one typical AIZS nanoparticle with red emission (top right). Histogram 
calculated from the TEM image of corresponding AIZS nanoparticles (bottom right). (B) 
AIZS nanoparticles with red emission after phase transferred by CTAB dispersed in DI-
H2O. 
 
Figure 4-7 displays the TEM images of the obtained AIZS/SiO2 core/shell 
nanoparticles with four emission colors. The TEM images suggest isotropic growth of 
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silica, because AIZS nanoparticles were located in the center of each silica nanoparticle. 
As have been shown above in section 4.3.1, the AIZS nanoparticles with green and 
yellow emissions had an average diameter about 4 nm each, which was much smaller 
than that of the nanoparticles with orange and red emission. This made it more difficult to 
coat these two nanoparticles with silica shell. Therefore the silica coating experimental 
procedure for these two nanoparticles needed a little modification by increasing NaOH 
volume, compare to the parameters indicated in section 4.2.2. However, silica shells were 
successfully coated on the green and yellow AIZS nanoparticles as indicated in their 
respective TEM images. 
  
 
Figure 4-7: TEM images of AIZS/SiO2 core shell nanoparticles with (A) green, (C) 
yellow, (E) orange, and (G) red emitting AIZS cores, dispersed in DI-H2O. Insets in (D, E, 
F) are histograms calculated from the TEM images. (B), (D), (F) and (H) showing the 
TEM images of their corresponding one typical AIZS/SiO2 nanoparticles. 
 
 According to the observation of TEM image (Figure 4-7), the average diameters 
of the AIZS/SiO2 nanoparticles of different emission colors were calculated to be around 
43 nm, 36 nm, 32 nm and 28 nm, respectively. Figure 4-7 B, D, F, H showed typical 
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AIZS/SiO2 nanoparticles with green, yellow, orange, red AIZS cores, respectively, 
suggesting that the silica shell thickness was about 10-20 nm for AIZS nanoparticles with 
different emission colors. In the meantime, the Z-average size of the red emitting 
AIZS/SiO2 core shell nanoparticles was around 50 nm measured by dynamic light 
scattering (DLS) shown in Figure 4-13A inset, which was apparently larger than the TEM 
observation. This could be explained by the fact that the surface of silica was occupied by 
OH
-
 in water. The charged surface created an electrical double layer, which resulted in an 
increased colloidal hydrodynamic radius compared to the observed particle size under 
TEM observation. [22, 23] This observation is consistent with that of silica coated 
magnetic nanoparticles discussed in Chapter III. 
 
Figure 4-8: TEM images at different resolutions of silica coated AIZS clusters 
synthesized with highly concentrated AIZS nanoparticles during CTAB phase transfer. 
 
 Interestingly, as shown in Figure 4-8, by increasing the concentration of AIZS 
nanoparticle used in CTAB phase transfer, clusters of AIZS nanoparticles could also been 
coated with silica shell in subsequent silica encapsulation process. Besides, similar to 
MnFe2O4@SiO2 nanoparticles of Chapter III, mesoporous structure of silica can be easily 
obtained in the experiments since there were excess CTAB molecules in solution during 
TEOS hydrolysis. Therefore they could be encapsulated within the silica matrix, which 
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would in turn serve as templates to make mesoporous structure. By rinsing the AIZS/SiO2 
nanoparticles with HCl solution, random arrayed CTAB molecules in silica could be 
extracted, leaving very small pores in silica structure. Mesoposrous structure could be 
observed in TEM images when the AIZS/SiO2 nanoparticles were sonicated in acidic 
solution for 1 hour (Figure 4-9). However some of silica nanoparticles lost their cores 
during this process, which was probably due to the strong corrosion induced by HCl. 
 
Figure 4-9: Mesoporous silica nanoparticles prepared by rinsing with 0.1M (A) and 
0.05M (B) HCl solution. Note that in TEM image A, almost all AIZS nanoparticles are 
dissolved by HCl. Inset: the pore size distribution calculated from TEM measurements. 
Red arrow in (B) indicates missing of AIZS core in silica nanoparticles after 0.05M HCl 




4.3.3 Photophysical Properties of AIZS Nanoparticles and AIZS/SiO2 
Nanoparticles 
 
Figure 4-10: (A) PL spectra of AIZS nanoparticles dispersed in hexane. Inset is 
photograph of AIZS nanoparticles with different color emissions illuminated by UV lamp. 
(B) PL spectra of AIZS/SiO2 nanoparticles with different color emissions. Inset is 
photograph of AIZS/SiO2 nanoparticles illuminated by UV lamp. 
 
The photophysical properties are very important for the bio-labeling application. 
The original AIZS nanoparticles dispersed in hexane emitted bright green, yellow, orange 
and red lights at wavelength 535nm, 563nm, 638nm and 693nm, respectively, as shown 
in Figure 4-10A. However, it is worth noticing that the PL emission spectra of the four 
corresponding AIZS/SiO2 nanoparticles demonstrated red shift unexceptionally (Figure 
4-10B). The emission wavelengths of the four AIZS/SiO2 nanoparticles were determined 
at 559nm, 613nm, 675nm and 713nm by luminescence spectrometer, respectively. It can 
be seen that the red shift for AIZS nanoparticles was within the range between 20 nm to 
40 nm. This PL emission red shifts of silica coated CdSe, CdTe nanoparticles synthesized 
by reverse microemulsion method were also reported by other researchers previously.  
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Although the mechanism remains unclear, this change in PL spectra is usually 
attributed to the ligand replacement and change in surface charge. [24, 25] It is well 
known that surfactants play an important role in surface passivation by forming bonds 
with exposed atoms on the surface and protecting surface defects. Therefore the change 
on the surface state greatly affects the photophysical properties of QDs. Besides, several 
investigations have proven that charges, especially negative charges, in the vicinity of 
QDs can generate an electric field which is sufficient to influence the radiative 
recombination rate of electron-hole pairs. [25, 26] Subsequently, the emission spectra of 
QDs can be quenched and red-shifted. As for the case of AIZS nanoparticles in this study, 
the primary surfactant n-DDT with –SH can bind to the Ag and In atoms strongly. Thus 
the ligand exchange is less likely to be the possibility. Therefore, the surface charges, 
such as hydroxyl ions and Si-O
-
 that are accompanied with the silica shell, might be 






Figure 4-11: (A) Change in PL spectrum of the AIZS nanoparticles (orange emission) in 
CTAB micelles during four days storage in ambient room environment. Insets are photos 
of samples taken at three different time periods, illuminated by UV lamp. (B) PL spectra 
of AIZS/SiO2 nanoparticles with orange emission in water at time 0 and time 96 h. Insets 
are the emission intensity and peak position record at periodic time interval. The inset 
photo demonstrates red the red emission of the AIZS nanoparticles after silica coating, 
illuminated by UV lamp. 
 
Not only is the emission intensity, but also PL stability in ambient environment 
critical. Therefore, the PL stability of AIZS/SiO2 nanoparticles in water was examined in 
comparison with that of the AIZS nanoparticles stabilized by CTAB in water.  Although 
CTAB micelles have been demostrated as a good candidate for phase tranferring and 
stablizing hydrophobic nanoparticles in water, the presence of excess CTAB molecules in 
solution is devastating to the optical properties of semiconductor nanoparticles. The 
photophysical properties of QDs are very sensitive to the composition, size and surface 
state. Unlike magnetic nanoparticles and plasmonic nanoparticles, QDs are more prone to 
oxidization induced by the environment. The quenching effect of CTAB to CdSe/ZnS 
have been previously reported. [22] The PL emission of CdSe/ZnS was compeletly 
diminished after two days storage at room light condition.  
97 
 
In this study, a similar quenching process of AIZS nanoparticles in CTAB 
aqueous solution against time was observed. As shown in Figure 4-11A, after four days 
storage in ambient room light condition, the PL intensity of CTAB stabilized AIZS 
nanopartcles decreased obviously as the emission spectra were obtained with identical 
set-up and parameters. However, it appeared that the AIZS nanopartcles are more 
resistive than CdSe/ZnS to the destruction induced by excess CTAB. As compared to the 
CTAB stablized AIZS nanoparticles, the subsequent silica coating successfully protected 
the QDs against PL quenching. As displayed in Figure 4-11B, after stored under ambient 
room light condition for four days, the PL emission of AIZS/SiO2 nanoparticles generally 
preserved the emission intensity as well as wavelength. The Inset diagrams recorded the 
evlution of the peak intensity and postion over the four days period. This result strongly 
proved that the silica shell sucessfully isolated the inner core of AIZS nanoparticles from 




4.3.4 PEGylation of AIZS/SiO2 Nanoparticles 
 
Figure 4-12: FT-IR spectra of pure commercial mPEG-NHS (I), aminated AIZS/SiO2 (II) 
and PEGylated AIZS/SiO2 (III). 
 
 PEGylation has been adopted in this work in order to further improve the 
colloidal stability and biocompatibility of the obtained AIZS/SiO2 nanoparticles. The 
long chain of PEG can prevent nanoparticles from protein absorption in physiological 
environment. FT-IR characterization (Figure 4-12) confirmed the successful conjugation 





 of pure mPEG-NHS, aminated AIZS/SiO2 and PEGylated AIZS/SiO2 
nanoparticles.  
The stability of the PEGylated AIZS/SiO2 nanoparticles (by taking the 
nanoparticles with red emission as example) was monitored via particle size 
measurement using DLS, recorded at periodic time intervals. The temperature was set to 
37℃  and the mediums used were deionized water, PBS solution and BCS aqueous 
solution, respectively. As displayed in Figure 4-13A, the hydrodynamic sizes of the 
PEGylated AIZS/SiO2 nanoparticles in three mediums could be increased above 100nm. 
Nonetheless no significant aggregation was observed according to the TEM (Figure 4-
13B) image, which indicated that the size increase was mainly due to the conjugation of 
PEG on the surface of silica. The long organic chain of PEG was stretched in water, 
which consequently created a large hydrodynamic volume in DLS measurements. 
Although the hydrodynamic size of the PEGylated nanoparticles was increased in 
comparison with the naked AIZS/SiO2 nanoparticles, the PEG coating brought the 
nanoparticles with good colloidal stability in aqueous solution, PBS and BCS solutions. 
The improved stability in aqueous solution would be attributed to the steric hindrance 
provided by the stretched PEG molecules. During three days test, the hydrodynamic size 
of the nanoparticle in PBS and BCS solutions illustrated a minor change within 10%, 
proving that the PEG coating was capable of protecting the nanoparticles from 




4.3.5 Cytotoxicity Assay and in vitro Cellular Imaging Demonstration 
 
Figure 4-13: (A) DLS measurements of PEGylated AIZS/SiO2 nanoparticles in mediums 
DI-H2O, PBS and BCS solution. The measurements were carried out at 37℃. (B) TEM 
image of PEGylated AIZS/SiO2 dispersed in ethanol and dried on copper grid. (C) Dose-
dependent viability evaluation of NIH/3T3 cells treated with AIZS/SiO2-PEG 
nanoparticles. (D) Fluorescent image of Hela cells tagged with AIZS/SiO2 nanoparticles 
with red emission under UV excitation. 
 
The cytotoxicity of AIZS/SiO2-PEG nanoparticles was tested by incubating the 
NIH/3T3 with different concentrations of samples. The sample concentration was 







. As shown in Figure 4-13C, a clear trend showed that increased cell viability 
came with the decreased AIZS nanoparticles’ concentration. At concentration of 
0.1mg·mL
-1
, the cell viability after 24 h was approximately 100%. It is worth noticing 
that this concentration is the typical concentration for cellular staining with QDs 
conjugates diluted in blood circulation under in vivo conditions. [27-29] When the AIZS 
nanoparticles’ concentration was 2 mg·mL-1, the cell viability was decreased to 
approximately 80% after 24 h incubation, which was expectable for this high 
concentration of nanoparticles. The cytotoxicity test result demonstrated clearly that the 
obtained AIZS/SiO2-PEG nanoparticles are qualified for future biological applications. 
Finally, the potential cellular imaging application of the AIZS/SiO2 nanoparticles was 
demonstrated by labeling Hela cells. As shown in Figure 4-13D, the Hela cells tagged 
with AIZS/SiO2 nanoparticles emitted clear red emission under UV excitation. This result 
showed that the cells could be effectively stained with the core-shell structured 
AIZS/SiO2 nanoparticles, which in turn proved the AIZS/SiO2 nanoparticles could serve 
as a promising alternative to the traditional cellular labeling agents. 
 
4.4 Summary  
To summarize, AIZS/SiO2 core shell nanoparticles with different color emissions have 
been successfully synthesized using a templated silica coating process. The silica shell 
thickness of the obtained core shell nanoparticles could be controlled within 10 to 20 nm 
and their overall size was less than 50 nm. Time dependent PL characterization 
demonstrated that the obtained AIZS/SiO2 nanoparticles exhibited superior photophysical 
stability over four days storage in water. Furthermore, AIZS/SiO2 nanoparticles were 
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conjugated with PEG functional group in order to enhance its colloidal stability and 
biocompatability. The PEGylated AIZS/SiO2 nanoparticles were very stable in both PBS 
and BCS solution, suggesting their good performance in physiological environment. The 
cytotoxicity test and preliminary cell imaging demonstration showed that the obtained 
AIZS/SiO2 nanoparticles were promising for future cellular bio-imaging applications. 
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Chapter 5  Graphene Oxide Based Fluorescent 
Nanocomposites for in vitro Cellular Imaging 
 
5.1 Introduction 
Graphene and its derivatives have attracted a lot of attention due to their unique physical 
and chemical properties and promising future in various application areas.[1-6] Graphene 
Oxide (GO), one derivative of graphene prepared from natural graphite, emerges as an 
attractive candidate for biomedical purposes because of its chemical inertness, 
biocompatibility and low toxicity. [7] Unlike hydrophobic graphene, GO can be readily 
dispersed in water because there are many hydrophilic oxygenated functional groups at 
its edge and basal plane such as epoxy, hydroxyl and carboxyl. [8, 9] These functional 
groups not only promote the water solubility, but also favor the modification of GO with 
other molecules via covalent or non-covalent bonds. [10, 11] Due to these extraordinary 
features, GO is extremely suitable for biomedical applications such as drug delivery and 
cellular imaging. [12-15] 
Compared to the micron sized graphene material, which is preferred in developing 
electronic devices, sub-100-nanometer graphene oxide is more favorable and 
advantageous for biomedical applications. In this sense, graphene quantum dots for both 
bio-imaging and drug delivery have been reported by cutting the size into sub 10-nm 
range using ultrasonication or plasma treatment, followed by filtration. [16-18] However, 
so far it is still not easy to obtain strong luminescent graphene or graphene oxide with 
tunable emissions. [7, 19, 20] On the other hand, semiconductor nanoparticles have been 
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systematically studied to control the composition and photoluminescence (PL). [21, 22] 
However, well-controlled semiconductor nanoparticles are usually synthesized from 
thermal decomposition in non-polar solvent, [23] thus they lack good water solubility and 
their surface modifications are complicated. Therefore it could be advantageous if there is 
a convenient route to incorporate semiconductor nanoparticles into GO to make a 
composite with tunable PL emission and versatile surface functionality. [24, 25]  
Hitherto there have been a few literatures reporting the synthesis of 
nanocomposites based on semiconductor quantum dots and GO, including GO-CdTe and 
GO-CdS by using in-situ deposition or electrostatic assembly techniques. [26, 27] 
Nevertheless the quantum dots (QDs) used in these reports are all based on cadmium, a 
well-known toxin and suspected carcinogen. [28] Although coating techniques have been 
developed to reduce the cytotoxicity of QDs by preventing direct contact with target 
tissues and cells, public concern about the potential Cd ions leaking remains. In this sense, 
ternary I–III–VI2 chalcopyritetype semiconductor nanoparticles such as AgInS2 and 
CuInS2 become good alternative Cd-free cell labeling agents. [29] In the past several 
years, many efforts have been made on synthesizing I–III–VI2 semiconductors with well 





Figure 5-1: Schematic illustration of the procedure for synthesizing fluorescent AIZS-GO 
nanocomposites. 
 
Herein, successful synthesis of sub-100 nm fluorescent nanocomposites 
consisting of zinc-doped AgInS2 nanoparticles (AIZS) and GO for cellular imaging 
applications is demonstrated in this chapter. The procedure for the formation of the 
composites is illustrated in Figure 5-1. Generally, the GO was prepared by using the 
modified Hammers’ method. Water-soluble GO sheets were subsequently modified with 
oleylamine to render partial hydrophobicity in order to be dispersed in chloroform. 
Following that, the freshly prepared hydrophobic AIZS nanoparticles without any surface 
modification were assembled onto the oleylamine modified GO via micro-emulsion 
techniques.  
In this study, the emission colors of the AIZS decorated GO (AIZS-GO) could be 
easily tuned by changing the doping amount of Zn in AIZS nanoparticles and thus AIZS-
GO nanocomposites with green, yellow, orange and red colors were prepared. Compared 
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to other phase transfer methods such as ligand exchange and silica coating, [31] the 
method used here is more effective in preserving the PL property owing to the 
hydrophobic-hydrophobic interaction between the AIZS nanoparticles and GO, which 
does not deteriorate the surface of AIZS nanoparticles. The emission of the 
nanocomposites exhibited no obvious shift in wavelength, while the PL intensity has an 
insignificant decrease after the hybridization. Although it was found that the negatively 
charged groups from GO led to instability in phosphate buffered saline (PBS) solutions, 
PEGylation of the nanocomposites using EDC/NHS chemistry could improve the 
colloidal stability in PBS solution. The PEGylated AIZS-GO nanocomposites 
demonstrated low cytotoxicity, successful cell up-taking and imaging by utilizing 
NIH/3T3 cell line as a model. 
 
5.2 Experimental Procedures 
5.2.1 Synthesis of Graphene Oxide (GO) and Subsequent Surface Modification 
GO was synthesized using modified Hammers’ method [20]. Typically, 0.5g graphite 
(2~15 µm), 0.5 g NaNO3, and 23 mL H2SO4 were mixed together in ice bath, while 
KMnO4 was added slowly into the mixture. The obtained green sticky mixture was left 
stirring for one hour before it was heated up to 35ºC for overnight. Approximately 20 mL 
of H2O was added drop wisely at beginning because the mixture was very thick. Besides, 
a lot of heat could be generated during the process and the mixture might go through a 
burst in temperature if water was added too fast. Following that, a volume of 100 mL 
H2O was added. After 12 hours, 3 mL H2O2 were added drop by drop into the brown 
solution. The final product was washed with 4% HCl and DI-H2O repeatedly until the 
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solution reached almost neutral. The obtained graphite oxide solution was ultrasonicated 
for 2 hours at 20GHz (130W), followed by centrifugation at 10000 rpm for 30 minutes to 
remove the precipitate which contained large GO sheets. 
To prepare oleylamine modified GO nanosheets (OAM-GO), the GO solution 
(containing ~50 mg GO) was dried and then sonicated with 6 mL oleylamine and 10 mL 
hexane for 1 hour. Centrifugation was allowed to remove the unreacted GO and other 
precipitates. A black suspension of OAM-GO was obtained. 
5.2.2 Assemble AIZS nanoparticles on OAM-GO sheets (AIZS-GO) 
To synthesize AIZS-GO nanocomposites, the AIZS nanoparticles were dispersed in 
chloroform first. The OAM-GO sheets were washed to remove extra oleylamine by 
adding 2 times excess volume of ethanol. Approximately 1mg OAM-GO sheets were 
then suspended in 900µL chloroform by sonication. Then 300µL AIZS suspension was 
mixed with the OAM-GO solution. 10 times volume of DI-H2O was then added into the 
mixture and ultrasonication was carried out to form stable turbid suspension. The 
suspension was then heated to 60ºC for 30 minutes to evaporate the chloroform. During 
the heating process, the turbid solution gradually turned into transparent, indicating the 
successful assembly of the AIZS nanoparticles on the GO sheets.  
The fluorescence quantum yield (QY) was determined by comparing the 
integrated fluorescence intensity over the absorbance of sample’s solutions with that of a 
standard organic fluorescent dye (Fluorescein in H2O, QY95%, Rhodamine B and 
Rhodamine 101 in ethanol, QY100%). The absorbance of all solutions was below 0.1 at 
the excitation wavelength (365 nm). Four different concentrations for each sample were 




5.2.3 PEGylation of AIZS Decorated GO Sheets (AIZS-GO-PEG) 
Before the colloidal stability, cytotoxicity and cell imaging tests, the AIZS-GO 
nanocomposites were conjugated with PEG. Typically, 5mL (~10mg AIZS-GO) was 
mixed with 10mL aqueous solution of PEG containing 150 mg methoxyl PEG amine 
(mPEG-NH2, MW2000). 2.5 mL EDC aqueous solution (1mg·mL
-1
) and 2.5 mL NHS 
aqueous solution (1mg·mL
-1
) was added subsequently. This mixture was then left stirring 
for over 24 hours to complete the conjugation. The concentration of the prepared AIZS-
GO-PEG was measured to be 136 µg·mL
-1
 based on AIZS nanoparticles by elemental 
analysis (ICP). The final product was dialyzed to remove the unreacted PEG, EDC and 
NHS and byproducts using dialysis membrane (molecular weight cut-off: 3kDa). After 
the dialysis, a solution of concentration 100 µg·mL
-1
 was obtained via dilution for further 
experiments. The AIZS-GO-PEG nanocomposites were dispersed in DI-H2O and 
phosphate buffered saline (PBS 1×, pH 7.4) solutions for colloidal stability tests. 
5.2.4 in vitro Cytotoxicity of AIZS-GO-PEG on NIH/3T3 Fibroblast Cells 
To assess the cytotoxic effect of the final product AIZS-GO-PEG nanocomposites, in 
vitro cell viability tests were performed by incubating NIH/3T3 cells with the 
nanocomposites at different concentrations for 24 hours using a CCK-8 assay. NIH/3T3 
fibroblast cells were grown in DMEM (Dulbecco’s Modified Eagle Medium) culture 
growth medium (10% bovine calf serum) at 37 ºC in a 5% CO2 humidified environment. 





 (0.1 mL). These cells were incubated overnight at the 
same conditions before the addition of the AIZS-GO-PEG nanocomposites. Following 
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the incubation, 20 µL of the nanocomposites at different concentrations (from 100 
µg·mL
-1
 to 1 µg·mL
-1
) was added into each well. After that, the cells were incubated at 
37 ºC in a 5% CO2 environment for 24 hours. Before the cell viability test, 10 µL cell 
counting kit-8 (CCK-8) was added into the culture media, followed by 4 hours incubation 
in the same environment. Absorbance readings were analyzed spectrophotometrically at 
355 nm using a FluoStar Optima microplate reader. 
5.2.5 in vitro Cellular Imaging of AIZS-GO-PEG on NIH/3T3 Cells 
To demonstrate the cellular imaging application of the AIZS-GO-PEG nanocomposites, 
NIH/3T3 fibroblast cells were chosen as a model. The cells were grown in DMEM 
culture growth medium at 37 ºC in a 5% CO2 humidified environment. The cells were 





 (0.4 mL). The estimated number of cells in each well was approximately 
1.0×10
4
 cells. These cells were cultivated at the same conditions for 24 hours. 
Subsequently 10 µL of the AIZS-GO-PEG nanocomposites with different concentrations 
were added into desired wells, followed by another 24 hours incubation at 37 ºC in a 5% 
CO2 condition. Following the incubation, the cell cultures were rinsed 2 times to remove 
dead cells and extra nanocomposites. The cellular imaging was carried out using a 
confocal microscope (Leica TCS SP5X with MP). The samples were illuminated with 
diode laser at 405nm 50mW. 
5.2.6 Characterizations 
The X-ray diffraction (XRD) was obtained by an advanced diffractometer system (D8 
Advanced Diffractometer System, Bruker, Karlsruhe, Germany). Transmission electron 
microscopy (TEM) images were obtained using a JEOL 3010 microscope at an 
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acceleration voltage of 300 kV. Samples were prepared by dipping carbon-coated copper 
grids into the sample solution followed by drying at ambient environment. UV-Vis 
absorption spectra were carried out using a Shimadzu UV-1601 UV-Vis 
spectrophotometer. The baselines were collected in the range of 350–800 nm at 1 nm 
sensitivity in hexane and de-ionized water, respectively. Photoluminescence (PL) spectra 
were measured in an open-sized 1 cm path-length quartz using a LS 55 Perkin-Elmer 
luminescence spectrometer. FT-IR spectra were recorded on a Varian 3100 FT-IR 
(Excalibur series) spectrophotometer. Samples were prepared by casting pellets from 





5.3 Results and Discussion 
5.3.1 Preparetion of Graphene Oxide Nano Sheets 
 
Figure 5-2: (A) AFM image of the obtained GO (Inset: XRD pattern of the corresponding 




 Figure 5-2A showed the AFM image of the obtained GO. It was observed that the 
obtained GO flakes had a quite wide size range. Most of the flakes were less than 100 nm 
but with some exceptional big flakes which are larger than 100 nm. The Inset displayed 
the XRD pattern of the corresponding GO. The sharp peak appeared at 2θ=10.2º 
corresponded to the (001) reflection of graphene oxide, which was caused by the 
oxygenated groups in between the sheets. [21] It indicated that the spacing between 
sheets was 0.865 nm, which is calculated using Bragg's law: 
 λ=2dsin(θ)        Eq.5-1 
where λ is the wavelength of the X-ray beam (0.154 nm), d is the distance between the 
adjacent GO sheets or layers, θ is the diffraction angle obtained from XRD 
characterization. 
By applying these parameters to the above equation,  
 0.154 nm = 2d sin( 5.1 º ) 





Figure 5-3: XPS spectra of GO (C 1s) (A) and oleyamine modified GO (C 1s) (B). (C) 
XPS spectrum of OAM-GO sheets. (D) XPS spectrum GO (N 1s).  
 
 The obtained GO has also been characterized by using X-ray photoelectron 
spectroscopy (XPS). The XPS spectrum (Figure 5-3A) showed distinct peaks of C-O 
(286.6 eV) and C=O (288.4 eV) bonds apart from C-C bond (284.6 eV), suggesting that 
the graphite had been successfully oxidized to graphene oxide (GO). The existence of –
OH (~3400 cm
-1
), C=O (~1700 cm
-1
) and C=C (~1600 cm
-1
) functional groups on GO 
were also observed in FT-IR spectra (Figure 5-4(i)) at ~1700 cm
-1
 and 3400 cm
-1
. After 
the modification with oleylamine, the XPS spectrum was also analyzed. In the XPS 
spectrum of OAM-GO sheets, peak for Nitrogen emerges, indicating existence of OAM. 
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Meanwhile, Figure 5-3B suggested that the C-O bond of the oleylamine modified GO 
(OAM-GO) was significantly decreased. Therefore the obtained C-C/C-O ratio increased 
dramatically from about 0.8 (Figure 5-3A) to about 4.2 (Figure 5-3B) by comparing the 
area below each peak. It indicated that the majority of C-O-C bonds have been 
successfully reacted with olaylamine. The FT-IR spectrum (Figure 5-4(ii)) of OAM-GO 
also revealed two peaks at ~2850 cm
-1
 and ~2950 cm
-1
 which belonged to C-H stretch 
from olaylamine.  
 
Figure 5-4: FT-IR spectra for GO (i), OAM-GO (ii), AIZS nanoparticles (iii), AIZS-GO 




The successful modification by OAM could be attributed to the following 
mechanisms. The first one was the ring opening of the triangle epoxy group (C-O-C) 
induced by alkylamine. Under extended ultrasonication, the basal epoxy group on GO 
reacted with amine through nucleophilic attack, leading to the covalent bonding between 
the C from epoxy and N from amine (C-N bond). As shown in Figure 5-3D, the N 1s 
peak at about 400 eV can be deconvoluted to two peaks. The peak at 398.9 eV belongs to 
C-N bond where N is bonded with sp3 C and peak at 400.5 eV belongs to C-N bond 
where N is bonded with sp2 C. [22] In addition, the non-covalent binding might also 
happen between oleylamine and GO. As indicated by the C-C bon and C=C bond from 
the XPS and FT-IR data, some parts on GO were not oxidized. Thus there was possibility 
that the non-polar tail of oleylamine could be attracted to these hydrophobic parts on the 
basal plane of GO via Van der Waals interaction. [3] In the meantime, oleylamine could 
also non-covalently interact with GO via hydrogen bonding between respective amine 




5.3.2 Preparation of Zinc-doped AgInS2 Nanoparticles 
 
Figure 5-5: TEM images of AIZS nanoparticles with green (A), yellow (B), orange (C) 
and red (D) emissions. 
 
 The AIZS nanoparticles with four different emission colors were prepared via 
thermal decomposition method. The TEM images (Figure 5-5A-D) showed AIZS 
nanoparticles with green, yellow, orange and red emissions synthesized at four different 
injection temperatures, respectively. The average diameters of nanoparticles with green 
and yellow emissions were about 3~4 nm, while that of the nanoparticles with orange and 
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red emissions were approximately 6~7 nm. This result is consistent with that of Chapter 
IV. The emission colors were conveniently tuned by adjusting the injection temperatures 
of sulfur and zinc stearate precursors. [23] As shown in the XRD patterns (Figure 5-6B), 
the diffraction peaks of the obtained AIZS nanoparticles shifted from AgInS2 towards 
ZnS when the emission color shifted from red to green. The observed peak shift indicated 
that more zinc ions were diffused into the matrix of the AgInS2 when the injection 
temperature decreased. [23] The as-prepared AIZS nanoparticles were covered with 
hydrophobic ligands such as olaylamine, 1-dodecanethiol and TOPO, which could be 
proven by FT-IR spectra (Figure 5-4(iii)). After being washed thoroughly, the AIZS 
nanoparticles were stored in chloroform and ready to be decorated on OAM-GO sheets. 
 
Figure 5-6: XRD patterns of AIZS nanoparticles with green (i), yellow (ii), orange (iii) 




5.3.3 Preparation of AIZS-GO Nanocomposites 
The AIZS-GO nanocomposites were prepared by applying ultrasonication and heat-up 
processes. The GO was pre-modified with oleylamine. Therefore the OAM-GO rendered 
partial hydrophobicity which allowed it to be suspended in chloroform. In the meantime, 
the AIZS nanoparticles were also hydrophobic as they were covered by non-polar 
surfactants such as oleylamine, oleic acid and dodecanethiol. During ultrasonication, 
small droplets containing chloroform, AIZS nanoparticles and OAM-GO were formed 
and stabilized. When chloroform was evaporated as the mixture was heated up, the AIZS 
nanoparticles were gradually encapsulated by the hydrophobic chains of OAM-GO. The 
AIZS nanoparticles interacted with OAM-GO via Van der Waals force between 
respective hydrophobic parts. 
 
Figure 5-7: (A) TEM image of the as-synthesized AIZS-GO nanocomposites with red 
emission (Inset: TEM image of one AIZS-GO nanocomposite). The GO sheets were not 
observable in the images due to the low contrast. B) AFM image of corresponding AIZS-
GO nanocomposites (Inset: DLS measurement of the corresponding AIZS-GO 
nanocomposites). C) High-resolution AFM of the AIZS-GO nanocomposites. 
 
 The AFM and TEM images of the corresponding AIZS-GO nanoparticles with 
red emission were displayed in Figure 5-7. The TEM image (Figure 5-7A) showed that 
the obtained AIZS-GO nanocomposites were dispersed well in water, as no aggregation 
was observed. It could also be seen that these AIZS-GO nanoparticles were no larger than 
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100 nm. The DLS measurement (inset of Figure 5-7B) exhibited a consistent result, 
revealing the Z-average size of ~75 nm. One typical AIZS-GO nanocomposite was also 
shown in the inset of Figure 5-7A. The single layer of AIZS nanoparticles assembly 
could be clearly observed in the image, while the GO was difficult to be seen due to its 
low contrast. Therefore, AFM analysis upon the AIZS-GO nanocomposites was utilized 
to further verify their dimension. The AFM image (Figure 5-7B) showed consistency 
with the TEM image. Well dispersed AIZS-GO nanoparticles could be clearly seen on the 
silicon substrate. High resolution AFM image (Figure 5-7C) of one typical AIZS-GO 
nanoparticle revealed that its size was approximately 70 nm in diameter and ~7 nm in 
height. These results were consistent with the above DLS measurement and TEM 
observation where the AIZS-GO nanoparticles were smaller than 100 nm and the 
assembly of AIZS nanoparticles on the GO sheets was single-layered.  
 
Figure 5-8: (A) Excitation spectra of AIZS nanoparticles dispersed in hexane (black line) 
and AIZS-GO nanocomposites dispersed in H2O (red line). Inset: photograph of red 
emitting AIZS nanoparticles and AIZS-GO nanocomposites under room light (right) and 




 The inset photos in Figure 5-8A clearly showed that the red emitting AIZS 
nanoparticles were successfully transferred from non-polar organic solution to aqueous 
solution by OAM-GO. Compared to the solution of original red emitting AIZS 
nanoparticles, the AIZS-GO aqueous solution appeared to be darker at room light 
condition. This was because of the existence of blackish GO in the solution. The left 
photograph displayed the samples under UV irradiation. No distinct emission color 
change was observed, which could be further verified in PL characterization (will be 
discussed in following section). Meanwhile the excitation spectra (Figure 5-8A) showed 
no distinct difference between the original AIZS nanoparticles dispersed in hexane and 
the AIZS-GO nanocomposites suspended in H2O. In addition, the XRD pattern of the 
nanocomposites with red emission showed no obvious shift in the identical peaks of 
AIZS nanoparticles after the hybridization (Figure 5-8B). The above information 
suggested that the AIZS nanoparticles were protected well during the synthesis process. 
 
Figure 5-9: (A) Photograph of red emitting AIZS-GO nanocomposites aqueous 
suspension under room light (top) and UV lamp irradiation (bottom) conditions. (B) 




 The optimization of the AIZS nanoparticles assembly on nano-sized GO was 
demonstrated by using the red emitting AIZS nanoparticles. Thus red emitting AIZS-GO 
samples with four different AIZS to GO mass ratios have been prepared, which were 20:1, 
10:1, 5:1 and 2.5:1. Henceforth, the four samples will be abbreviated as RGO-1, RGO-2, 
RGO-3 and RGO-4, according to the decreasing order of this mass ratio. Figure 5-9A 
displayed digital photographs of these four samples under room light condition (top 
photograph) and UV lamp irradiation (bottom photograph), respectively. It appeared that 
lower AIZS loading led to darker transparent solution, due to relatively increased OAM-
GO to AIZS ratio. Accordingly, their emission intensity demonstrated a decreasing trend 
under UV lamp irradiation, especially for RGO-3 and RGO-4.  
Nevertheless, it was noticed that divergent from some previous reports, the 
photoluminescence of the semiconductors in the four samples were not quenched by GO 
due to fluorescence resonant energy transfer (FRET) [15, 24]. Instead, their PL property 
was preserved. Their emission spectra were measured at respective stock concentration 
and illustrated in Figure 5-9B. The photoluminescence spectra exhibited a dramatic 
decreasing with decreased mass ratio, while the emission peak remained at the original 
wavelength. The above information suggests that the AIZS nanoparticles were protected 
well during the synthesis process. Ligands exchange is negligible and FRET is excluded. 
The PL property of other AIZS-GO nanocomposites as well as hydrophobic AIZS 




Figure 5-10: TEM images of samples RGO-1, RGO-2, RGO-3 and RGO-4 (insets: the 
corresponding DLS measurements). 
 
 The corresponding TEM images of RGO-1, RGO-2, RGO-3 and RGO-4 were 
displayed in Figure 5-10. These TEM samples were prepared at their stock concentration 
so they can represent their respective loading amount. According to all these four samples, 
no obvious aggregation can be observed, indicating superior solubility of AIZS-GO 
samples at all mass ratios. Additionally, it can also rule out the possibility that the distinct 
decrease in PL in sample RGO-3 and RGO-4 (Figure 5-10C, D respectively) was induced 
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by aggregation. Especially, it can be clearly seen that AIZS nanoparticles were 
sufficiently separated from each other in Figure 5-10D (RGO-4). Meanwhile, the AIZS 
nanoparticles were able to cover a large portion of the GO surface without aggregation in 
the high loading samples RGO-1 and RGO-2 (Figure 5-10A, B respectively). The 
dimension of these AIZS-GO nanocomposites can thus be estimated by measuring the 
dimension of the AIZS assembly, which showed consistency with the DLS measurements 
(Insets in Figure 5-10). Nevertheless, it is difficult to estimate the average dimension of 
the lower loading AIZS-GO nanocomposites (RGO-4) since the density of AIZS 
nanoparticles in each nanocomposite was too low (Figure 4D) and the contrast of GO was 
low in TEM. The DLS measurement, however, showed a similar Z-average to other 
samples, which is plausible compared to the TEM image. Therefore it can be concluded 
that the mass ratio did not exert prominent influence on the final dimensions of the 
nanocomposites. The DLS measurements and PL measurements of these four samples 





Figure 5-11: TEM images of AIZS-GO nanocomposites with (A) green, (D) yellow, (G) 
orange, and (J) red emissions in DI-H2O. (B), (E) (H) and (K) showed the TEM images 
of one AIZS-GO nanocomposite with orange, yellow, and green emissions, respectively. 
(C), (F) (I) and (C) were their corresponding DLS measurements. The GO sheets were 




 Thereafter, the same synthesis procedure was applied to orange, yellow and green 
emitting AIZS nanoparticles. The AIZS nanoparticles with orange emission possessed a 
similar average size to the red AIZS nanoparticles in this study, thus the corresponding 
AIZS-GO nanocomposites exhibited a similar morphology in TEM images (Figure 5-11G, 
J). Both the DLS measurements (Figure 5-11I, L) and the TEM images indicated that the 
average sizes of the nanocomposites with red emission and orange emission were below 
100 nm. However the AIZS nanoparticles with green or yellow emissions were very 
small in size, their contrasts were hence very low in TEM images (Figure 5-11A and 
Figure 5-11D, respectively). The assembly of these AIZS nanoparticles on OAM-GO 
could only be clearly observed in TEM images at high resolution (Figure 5-11B, E, H, K, 
respectively). Although it turned out to be difficult to estimate the actual dimensions of 
the green and yellow emitting AIZS-GO nanocomposites by TEM observation, the DLS 





5.3.4 Photophysical Properties of AIZS-GO Nanocomposites 
 
Figure 5-12: (A) The photoluminescence spectra of AIZS nanoparticles suspended in 
hexane (Inset: photograph of the corresponding AIZS nanoparticles under UV lamp 
irradiation). (B) The photoluminescence spectra of AIZS-GO nanocomposites suspended 
in DI-H2O (Inset: photograph of corresponding AIZS-GO nanocomposites under UV 
lamp irradiation). 
 
 Apart from the morphology, it was very important to maintain the photophysical 
properties after the QDs were transferred to aqueous environment. The 
photoluminescence of AIZS nanoparticles and AIZS-GO nanocomposites with different 
emission colors were characterized and compared in Figure 5-12. Besides, the basic 
characteristics such as the mass ratio, hydrodynamic size, and quantum yields (QY) were 
summarized in Table 5-1. Unlike some other phase transfer methods such as ligand 
exchange and silica coating which reduce and shift the emission of QDs significantly, [25] 
the route adopted here was able to maintain the emissions of the QDs well. As shown in 
Figure 5-12 and Table 5-1, the emission peak had negligible shift after the AIZS 
nanoparticles were assembled on the GO sheets. On the other hand, the QY of the AIZS-
GO nanocomposites had relatively insignificant decrease compared to the original 
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hydrophobic AIZS nanoparticles (Table 5-1). It was believed that the surface and 
structure of the AIZS nanoparticles were not deteriorated during the assembly.  
 
















RGO-4 78.9  667 653   
RGO-3 83  667 658   
RGO-1 72.5  667 662   
RGO-1 
Red AIZS-GO 
79 63.5 667 664 31.7% 18% 
Orange  
AIZS-GO 
80.1 66.2 626 618 35.9% 20% 
Yellow 
AIZS-GO 
99.4 65.5 585 580 46.7% 27% 
Green 
AIZS-GO 
99 69.5 536 534 33.5% 18% 
[a] Z-average obtained using 10 mins ultrasonication [b] Z-average obtained using 20 
mins ultrasonication [c] original AIZS nanoparticles dispersed in hexane. [d] AIZS-GO 
nanocomposites dispersed in DI-H2O. [e] QY of original AIZS nanoparticles dispersed in 
hexane. [f] QY of AIZS-GO nanocomposites dispersed in DI-H2O. 
 
As specified in the experiments, the entire fabricating procedure of the 
nanocomposites only involved short time sonication and  heating at 60 
o
C. Thus the 
surface ligands were not likely to be significantly detached from the AIZS nanoparticles 
under such circumstances. The FT-IR spectra of OAM-GO and ligands protected AIZS 
nanoparticles shared the same critical peak position at ~2900cm
-1
 which was the 
characteristic peak for molecules containing a lot of C-H bond. It could be an indicator to 





 were from C=C and O-H bonds of the OAM-GO, respectively. 







 decreased evidently while the peak at ~2900cm
-1
 exhibited no obvious 
change (Figure 5-4(iv)), compared to original OAM-GO (Figure 5-4(ii)). This ratio 
change could only be attributed to the ligands signal from AIZS nanoparticles, indicating 
that the nanoparticles, which had abundant surface ligands, had been successfully 
deposited on the GO flakes. This verified that the surface ligands on AIZS nanoparticles 
were maintained, otherwise there would be no such distinct peak ratio change. Indeed, the 
AIZS nanoparticles were assembled onto the GO nanosheets by hydrophobic-
hydrophobic interaction between the alkane chains from both components. [26]  
However, the decrease in the QY were observed, which could be ascribed to the 
following reasons. First of all, although the synthesis of AIZS-GO nanocomposites did 
not include any ligand exchange process, it was still possible that a small fraction of these 
surface ligands was dissolved in the large quantity of aqueous solution. More importantly, 
unlike the non-polar solvent where the existence of ions such as oxygen ions and 
hydroxide ions was negligible, there were large quantities of such ions in aqueous 
solution. Therefore it was possible that the AIZS nanoparticles were slightly corroded by 
the ions during the ultrasonication and chloroform evaporation processes, which in turn 
affected the PL intensity. [27] Additionally, the blackish GO absorbed visible light, 
therefore the emission from AIZS nanoparticles could be diminished in the presence of 
GO. 
5.3.5 PEGylation and Colloidal Stability of AIZS-GO Nanocomposites 
Although the as-prepared AIZS-GO nanocomposites showed good stability in DI-H2O as 
there was no aggregation observed under room condition for over three months, they 
were not stable in phosphate buffered saline (PBS 1×, pH 7.4) solution. Aggregation 
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occurred within 30 minutes upon adding AIZS-GO nanocomposites into the PBS solution. 
This was probably because of the negatively charged oxygenated groups such as –OH 
and –COOH of GO. The electrostatic repulsion between the nanocomposites was easily 
disturbed and screened by the ions in PBS solution. Therefore polyethylene glycol (PEG) 
was grafted to the nanocomposites in order to improve the stability of the 
nanocomposites in ionic solutions. The introduction of PEG not only stabilized the 
nanocomposites by steric repulsion, but also prevented nanocomposites from protein 
absorption in the physiological environment, which could further favor the subsequent 
cytotoxicity test and application.  
 
Figure 5-13: A) Colloidal stability of AIZS-GO-PEG nanocomposites measured at 25°C 
and 37ºC in DI-H2O and PBS solution, respectively. B) TEM image of AIZS-GO-PEG 
nanocomposites dispersed in DI-H2O (Inset: one typical AIZS-GO-PEG nanocomposite). 
 
 The AIZS-GO nanocomposites with red emission were chosen as a model for the 
PEGylation. It was noticed that there were carboxylic acid groups at the edges of GO, 
which could be utilized to form peptide bond with amino group terminated PEG. 
Therefore the conjugation was carried out by applying EDC/NHS chemistry. FT-IR 
characterization (Figure 5-4(iv, v)) confirmed the successful conjugation of mPEG–NH2 
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by comparing the transmittances (~800 cm
-1
 to ~1500 cm
-1
) from samples AIZS-GO and 
AIZS-GO-PEG. After the conjugation, the colloidal stability of the nanocomposites was 
recorded by using DLS. The measurements were performed in both DI-H2O and PBS 1× 
solution. As shown in Figure 5-13A, the Z-average size of the sample AIZS-GO-PEG in 
DI-H2O was increased to approximately 95 nm, which was slightly bigger than that 
before the PEGylation.  
The subsequent DLS results showed that the Z-average size of the 
nanocomposites had no further change in DI-H2O at both 25 ºC and 37 ºC over 36 hours. 
The corresponding TEM image (Figure 5-13B) also verified that the AIZS-GO-PEG 
nanocomposites had no aggregation or change in AIZS loading. One typical AIZS-GO-
PEG nanocomposite approxymately 80nm in diameter was also shown in the Inset. 
Hence it was implied that the size increment was not due to the aggregation but the PEG 
conjugation. The stability of the AIZS-GO-PEG nanocomposites in PBS 1×solution was 
also tested using DLS. Upon being dispersed in PBS solution, the hydrodynamic size of 
the nanocomposites was increased to around 130 nm. This was probably because of the 
slight aggregation induced by the interaction between the remnants of oxygenated groups 
and the ions in the PBS solution. At 25 ºC, the Z-average size reached approximately 140 
nm quickly and thereafter the size was stabilized. At 37 ºC, the stable Z-average size was 




5.3.6 Cytotoxicity Assay and in vitro Cellular Imaging 
 
Figure 5-14: (A) Dose-dependent cell viability evaluation of NIH/3T3 cells treated with 
AIZS-GO-PEG nanocomposites at different concentrations. (B) Fluorescent image and 
(C) merged image of NIH/3T3 cells tagged with red emitting AIZS-GO-PEG 
nanocomposites. (D) High resolution bright field image, (E) fluorescent image and (F) 
merged image of NIH/3T3 cells at high resolution. (scale bars: 20µm).  
 
 The PEGylated nanocomposites were then subjected to the cytotoxicity test and 
cellular imaging demonstration. In this study, the nanocomposites were based on Cd and 
Pd free semiconductors and non-toxic graphene oxide. The cell viability, however, was 
still necessary to be examined with caution. The in vitro cell viability test of the 
nanocomposites was performed by using NIH/3T3 cells. The nanocomposites of different 
concentrations were incubated with the cells at 37 ºC for 24 hours before CCK-8 assay 
(based on the activity of the dehydrogenases of the living cells) was added. The highest 
concentration of the nanocomposites used here was 100 µg·mL
-1
 and the lowest was 1 
µg·mL
-1
. As illustrated in Figure 5-14A, no obvious cytotoxicity upon NIH/3T3 cells was 
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observed as the concentration of the nanocomposites was increased from 1 µg•mL-1 to 
100 µg·mL
-1
. It is worthy noticing that 100 µg·mL
-1
 was in the concentration range for 
practical cellular staining with QD bioconjugates diluted in blood circulation under in 
vivo conditions. [28, 29] This cytotoxicity result indicated that the obtained AIZS-GO-
PEG nanocomposites had no significant cytotoxic effects upon the live cells. 
 
Figure 5-15: Fluorescent images (A, D), merged images (B, E), and bright field images 
(C, F) of NIH/3T3 cells tagged with yellow emitting AIZS-GO-PEG nanocomposites. 
 
 The in vitro cellular imaging was also performed on the NIH/3T3 cell lines. The 
AIZS-GO-PEG nanocomposites with red and yellow emissions were chosen as the 
labeling agents to demonstrate the cellular imaging. The feasibility of using these 
nanocomposites to stain cells was demonstrated using a confocal laser scanning 
microscope (CLSM) with a laser source at 405 nm. Figure 5-14 (B-F)  and Figure 5-15 
showed the CLSM images of the NIH/3T3 cells after incubation with the red emitting 
AIZS-GO-PEG nanocomposites and yellow emitting AIZS-GO-PEG nanocomposites 
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respectively for 24 hours at an identical concentration of 50 µg·mL
-1
. It could be 
observed in high-resolution images (Figure 13E, F and Figure 14D, E) that the majority 
of the nanocomposites were accumulated in cytoplasm around the nuclei, which verified 
that the as-prepared AIZS-GO-PEG nanocomposites were successful cell labeling agents.  
 
Figure 5-16: CLSM images (A) and merged images (B) of one typical NIH/3T3 cell 
tagged with yellow color emitting AIZS-GO-PEG nanocomposites at different cross-
sections (1 µm interval), illustrating the distribution of fluorescent nanocomposites in cell. 
Images were taken from the bottom to the top of the cell at a step of 0.5 µm. It could be 
clearly seen that the fluorescent nanocomposites were accumulated in cytoplasm around 




More CLSM images were shown in Figure 5-16. According to the observation on 
the 3D image of one NIH/3T3 cell incubated with yellow emitting AIZS-GO-PEG 
nanocomposites (Figure 5-16C), it could be clearly seen that that AIZS-GO-PEG 
nanocomposites were successfully uptaken by the cells. Especially, Z-stack (0.5 µm step) 
has been performed on one paticular cell labeled with yellow light emitting AIZS-GO-
PEG nanocomposites. Figure 5-16A,B displayed the selected z stack images of the cell at 
1 µm interval. These images clearly showed the distribution of the fluorescent 
nanocomposites in this perticular cell at different cross-sections from its bottom to the top, 
indicating sucessful cell uptake and imging. 
 
5.4 Summary 
In summary, successful synthesis of fluorescent nanocomposites based on graphene oxide 
and AIZS nanoparticles was discussed in this chapter. The AIZS-GO nanocomposites 
with four different emitting colors such as green, yellow, orange and red, have been 
prepared and characterized. The average sizes of the obtained nanocomposites were 
below 100 nm, which favored various potential bio-applications. The AIZS-GO 
nanocomposites showed bright emissions under UV irradiation, as well as good water 
solubility. Especially, GO preserved the emissions of the AIZS QDs better than silica 
coating. After the PEGylation, the colloidal stability of nanocomposite in PBS was 
prominently improved solution. The demonstration of cellular imaging using these 
nanocomposites was successful. Hereby, the sub-100 nm fluorescent nanocomposites 
combining AIZS and GO were proved to be promising candidates for future biomedical 
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In previous chapters, the composite nanoparticles were fabricated via coating protocol, 
and the coating materials themselves do not act as functional parts. Instead, the main 
purpose of using these materials was transferring nanoparticles into water phase, and 
subsequent functionalization. In this chapter, an alternative one-pot synthesis of 
composite nanostructure with via epitaxial growth will be discussed. The two 
components of the heterostructure nanocomposites can have their own respective 
functions. 
One of the functional components was magnetic Fe3O4 nanocrystal, which in 
chapter 3 has been shown to be T2-weighted magnetic resonance imaging (MRI) contrast 
agent, biomarkers, and magnetic hyperthermia agent for cancer therapy etc. [1-4] 
Meanwhile, Au nanocrystal was selected as the other functional component. It has been 
widely applied to optical coherence tomography (OCT), colorimetric detection and 
photothermal therapy because of their high scattering cross section and plasmonic 
absorption. [5-7] By integrating these two nanomaterials into a single platform, the 
properties of the Au and Fe3O4 can be modulated and some new properties might be 
introduced due to the lattice mismatch induced strain and electrons interaction/transfer 
across the interface between two components.[8-11] 
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Au-Fe3O4 hetero-dimer is one of the typical Au-Fe3O4 composite nanostructures, 
[12-14] of which one Fe3O4 nanoparticle grows epitaxially onto another Au nanoparticle. 
To obtain such heterostructure, the lattice spacings of the two components, should be 
generally matched to reduce the interfacial strain and to lower the energy required for the 
epitaxial growth. Fundamentally the lattice spacing of Fe3O4 (111) plane is 0.485 nm, 
which is almost twice of that of the Au (111) plane. Therefore the crystal structural 
features provide a good opportunity to grow Fe3O4 on Au nanoseeds epitaxially. The 
detailed explanation of this epitaxial was studied by Sun and Grzybowski. [8, 16] 
In order to achieve such complicated nanostructure, thermal decomposition in 
non-polar solvent with the assistance from surfactants is by far the most promising 
method. [15, 16] The key is to suppress homogenous nucleation and promote 
heterogeneous growth of Fe3O4 on Au seeds. By sophisticatedly adjusting the 
temperature, surfactants, and molar ratio between precursors, it is possible to keep the 
concentration of Fe precursor below the homogeneous nucleation threshold throughout 
the synthesis.[17-18] Although there are reports on the synthesis of Au-Fe3O4 
heterostuctures via thermal decomposition, the critical synthesis conditions have not yet 
been well studied. [8, 10, 11, 15-17] As a consequence, the success rate of synthesizing 
the well-defined Au-Fe3O4 hetero-dimers is usually quite low. 
In the present work, systematic study of the effects of surfactant 1, 2-
hexandicandiol (HDD) on the formation of Au-Fe3O4 hetero-dimers have been conducted. 
For the first time, it was found that the amount of HDD played an important role in the 
successful formation of Au-Fe3O4 hetero-dimers. Besides, by tuning the Au seeds-to-Fe 
precursor ratio, it was able to adjust the size of Fe3O4 domain and then tune the magnetic 
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property as well as the plasmonic property of the nanocomposites. Therefore this chapter 
offers a good chance to reveal the dependence of plasmonic and magnetic properties of 
the hetero-dimers on the single Fe3O4 domain sizes, which was rarely well investigated in 
the previous reported work. [8, 15, 16] Moreover, this chapter also demonstrated that 
these hetero-dimers could be further developed into star-like structure with near infrared 
(NIR) absorption, potentially useful for optical coherence tomography (OCT) and 
photothermal therapy applications. [19] 
 
6.2 Experimental Procedures 
6.2.1 Synthesis of Au-Fe3O4 Hetero-dimers 
Au-Fe3O4 hetero-dimers were synthesized via hot injection technique. [8] Typically, 
3.39g OA, 3.21g OAM and 3.43g HDD were mixed with 10ml ODE. The mixture was 
heated to 140℃ and maintained at that temperature for 20 minutes. Then 0.3 ml (2mmol) 
Fe(CO)5 was quickly injected to the solution. After 3 minutes, an ODE solution 
containing 40 mg HAuCl4·3H2O and 0.6ml OAM was quickly added to the solution, 
leading to an immediate color change from transparent yellow to deep violet, indicating 
the formation of gold nanoparticles. The Solution was then heated to 310℃ and refluxed 
at that temperature for 1 hour. After cooling down, the particles were precipitated by 
adding iso-propanol and the supernatant was decanted. The precipitation was dissolved in 
hexane. Unsolvable substance was separated by centrifugation at 4000 rpm for 10 mins. 




6.2.2 Synthesis of Star-like Au-Fe3O4 Nanoparticles 
The obtained Au-Fe3O4 hetero-dimers were applied to phase transfer using CTAB before 
seeded growth. [20] In general, 1mL solution of chloroform containing 10 mg of Au-
Fe3O4 nanoparticles were added into 5mL 0.2M CTAB solution. After vigorous vortex 
and sonification for 30 minutes, the opaque solution became semi-transparent gel. The 
gel was then heated to 70℃ to evaporate the chloroform, leaving a transparent clear 
solution. Seeded growth in aqueous solution was carried out by adopting the widely used 
method for synthesizing Au nanorods, [21] except that the seeds were replaced by phase 
transferred Au-Fe3O4 nanoparticles and HCl was not used. The typical growth solution 
was composed of 10ml CTAB (0.1M), 500ul HAuCl4 (0.01M), 100ul AgNO3 (0.01M) 
and 80ul L-ascorbic acid (0.1M). After the fresh prepared seeds were injected, the 
solution was quickly mixed for a few seconds and left undisturbed overnight. 
6.2.3 Characterization Techniques 
X-ray diffractometry (XRD) was carried out using an Advanced Diffractometer System 
(D8 Advanced Diffractometer System, Bruker, Karlsruhe, Germany). All transmission 
electron microscopy (TEM) images were obtained using JEOL 100CX instrument (200 
kV). Samples were prepared by dipping carbon-coated copper grids into the sample 
solution followed by drying at room temperature. UV-Vis absorption spectra were carried 
out using Shimadzu UV-1601 UV-Vis spectrophotometer. The Baselines were collected 
in the range of 350 – 800 nm at 1 nm sensitivity. The magnetic properties of the 





6.3 Results and Discussion 
6.3.1 Influence of 1, 2-Hexadecanediol on the Synthesis of Heterostructured 
Au-Fe3O4 Nanoparticles 
 
Figure 6-1: TEM images of samples synthesized with different concentration of 1,2-
hexadecanediol (HDD). (A) 0M; (B) 0.3M; (C) 0.6M; (D) 1.2M. 
 
 The formation of Au-Fe3O4 hetero-dimers was based on epitaxial growth of Fe3O4 
onto Au nanoparticles. Prior to the epitaxial growth, Au nanoparticles were prepared by 
injecting HAuCl4 into a solution at approximately 140℃, which contained a combination 
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of surfactants including oleic acid (OA), oleylamine (OAM) as well as 1,2-
hexadecanediol (HDD). The Fe precursor Fe(CO)5 was decomposed at an elevated 
temperature and Fe monomers were produced. When the concentration of the Fe 
monomers reached the heterogeneous nucleation threshold, Fe3O4 started to grow on Au 
seeds. During the investigation, it was found surfactants OA and OAM showed limited 
influence upon the morphology and yield of Au-Fe3O4 hetero-dimers. Nevertheless, HDD 
concentration appeared to be very critical for the successful synthesis of the hetero-dimer 
structure.  
TEM images in Figure 6-1 illustrated the morphologies of the products obtained 
at different HDD concentrations. Figure 6-1A showed the nanoparticles synthesized 
without HDD. Au nanoparticles were recognized as the particles with dark contrast, 
which have a wide size distribution. In the meantime, large quantity of black precipitate 
was also collected. The TEM analysis showed that these precipitates belonged to iron 
oxide nanoparticles (>100nm) with octahedron shape (Figure 6-2A). Besides, the XRD 
pattern and VSM measurement (Figure 6-2B, C) of the precipitates suggested that these 
iron oxide nanocrystals could be a mixture of magnetite and hematite with an estimated 
mass ratio 1:1. Apparently, lacking of HDD failed to protect Fe from being oxidized to 
Fe(III). There was no Au-Fe3O4 hetero-dimer formed without adding HDD. When 0.3 M 
HDD was applied, as shown in Figure 6-1B, a fraction of the collected products became 
dimer-like structure consisting of Fe3O4 and Au domains. However, a great number of 
discrete Fe3O4 nanoparticles can also be observed. To follow up, the concentration of 
HDD was increased to 0.6M, which led to a hetero-dimer yield more than 90% (Figure 6-
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1C). Interestingly, further increasing the HDD concentration to 1.2M resulted in a 
mixture of discrete Fe3O4 nanoparticles and Au nanoparticles (Figure 6-1D). 
 
Figure 6-2: (A) TEM image of the precipitate collected from the synthesis without HDD. 
(B) Corresponding magnetization at room temperature. (C) Corresponding XRD pattern 
of the precipitate. 
 
 It is believed that HDD can delay the nucleation of Fe3O4 through the interaction 
between two –OH functional groups of HDD and Fe decomposed from Fe(CO)5. The 
strong interaction between –OH functional groups of diols and Fe atoms has been 
verified in the previously reported work. [22, 23] The TEM image (Figure 6-2C) 
indicated that 0.6M HDD was able to keep the Fe concentration below the homogeneous 
nucleation threshold throughout the synthesis. After the accomplishment of the 
heterogeneous nucleation, subsequent growth on these Fe3O4 seeds would be spontaneous. 
Nonetheless, 0.3M HDD was not adequate to control the speed of decomposition. 
Consequently at certain stage the Fe concentration might exceed the threshold of 
homogeneous nucleation. In the meantime, if the HDD concentration was too high, i.e., 
1.2M, the enhanced interaction between of Fe and HDD reduced the chance of Fe 
bumping with Au seeds. Consequently, heterogeneous nucleation of Fe3O4 on Au seeds 
would be inhibited as well and the Fe concentration would accumulate till reaching the 
homogeneous nucleation threshold. Therefore, in order to synthesize Au-Fe3O4 hetero-
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dimers with high yield, the concentration of HDD should be carefully optimized. In this 
study, the optimized HDD concentration was determined at approximately 0.6 M.   
 
6.3.2 Structural Characterization of the Heterostructured Au-Fe3O4 
Nanoparticles  
 
Figure 6-3: (A) TEM image of the Au-Fe3O4 hetero-dimers synthesized with 0.6M HDD 
and 2mmol Fe(CO)5. (B) HRTEM of one typical 3.5-9 nm Au-Fe3O4 hetero-dimer. (C) 
XRD pattern of Au-Fe3O4 hetero-dimers. The identical peaks and indices of bulk Fe3O4 
(black bar) and bulk Au (red bar) are indicated in the diagram. (D) SAED pattern of the 
same sample. 
 
The structural information of the Au-Fe3O4 hetero-dimers obtained at 0.6 M HDD 
was further examined. From the TEM image in Figure 6-3A, it could be seen that each 
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hetero-dimer is composed of two domains with different contrasts. The small but dark 
domain represents Au nanoparticle which has high electron density, while the low 
contrast part belongs to Fe3O4 nanoparticle. The HR-TEM of a typical Au-Fe3O4 hetero-
dimer was shown in Figure 6-3B, which revealed very clear lattice fringes of the two 
domains, implying their good crystallinities. The inter-fringe spacing of the low contrast 
part was measured at approximately 0.49 nm, which is very close to that of (111) faces of 
Fe3O4 crystal. The lattice spacing of the high contrast part was about 0.24 nm, 
corresponding to the inter-fringe spacing of (111) faces of Au crystal. Noticing that the 
lattice spacing of Fe3O4 was almost twice of that of Au, the stress at the interface could 
thus be minimized.  
 
Figure 6-4: The EDS spectrum of the obtained Au-Fe3O4 hetero-dimers synthesized with 
2mmol Fe(CO)5 and corresponding elemental analysis. 
 
TEM image showed that the average sizes of Fe3O4 and Au domains were 3.5 nm 
and 9 nm in the obtained hetero-dimers, respectively. Meanwhile, the EDS result 
revealed that the molar ratio between Au and Fe3O4 of the hetero-dimers was ~1/6 
(Figure 6-4). The XRD pattern shown in Figure 6-3C consisted of several peaks. The 
peaks at 2θ=35.5°, 43° and 63.5° corresponded to the (311), (400) and (440) indices of 
magnetite (Fe3O4) inverse spinel structure, respectively. Whereas the peaks at 2θ=38°, 44° 
and 64.5° represented the (111), (200) and (220) indices of Au FCC structure, 
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respectively. The corresponding selected area electron diffraction (SAED) in Figure 6-3D 
also displayed several diffraction rings of the (400), (311) indices of Fe3O4 inverse spinel 
structure and (200) index of Au FCC structure. These characterizations further verified 
that the hetero-dimers were composed of Fe3O4 and Au nanocomponents.  
 
6.3.3 Morphology Investigation of Heterostructured Au-Fe3O4 Nanoparticles 
 
Figure 6-5: TEM images of Au-Fe3O4 hetero-dimers with different domain sizes. (A) 4.5-
5 nm Au-Fe3O4 nanoparticles (Sample I). (B) 3.5-9 nm Au-Fe3O4 nanoparticles (Sample 
II). (C) 3.5-12 nm Au-Fe3O4 nanoparticles (Sample III). Insets: histograms showing the 
size distribution of Au and Fe3O4 domains of corresponding sample. (D) XRD patterns of 





The size of the Fe3O4 domain could be readily tuned by adjusting the precursor 
ratio between HAuCl4 and Fe(CO)5. As demonstrated in Figure 6-5, Fe3O4 domain of the 
hetero-dimer can be tuned from 5nm, 9nm to 12nm simply by increasing the volume of 
Fe(CO)5 from 0.15mL (1mmol), 0.30 mL (2mmol) to 0.45mL (3mmol), respectively. 
Meanwhile, the size of the Au domain was kept almost unchanged (~4 nm). Only in 
sample I, the average size was slightly larger than in sample II and III. The obtained 
samples were designated as I (1mmol), II (2mmol), III (3mmol), respectively. The 
corresponding XRD patterns of these three samples were displayed in Figure 6-5D. It can 
be seen that the diffraction peak of Fe3O4 at 2θ=35.5º emerged and the peak of Au at 
2θ=38º was significantly diminished with increasing the amount of Fe(CO)5, implying 




6.3.4 Surface Plasma Resonance and Magnetic Properties of 
Heterostructured Au-Fe3O4 Nanoparticles 
 
Figure 6-6: (A) UV-Vis absorption spectra of samples: I, II, III, pure Au nanoparticles, 
and pure Fe3O4 nanoparticles, respectively. All samples were suspended in hexane.  
 
The plasmon absorption spectra of the three hetero-dimer samples were presented 
in Figure 6-6, in comparison with pure Au nanoparticles (~4 nm) and Fe3O4 nanoparticles 
(~8 nm) which were synthesized separately. All the samples were suspended in hexane 
for the measurements. The absorption band of the pure Au nanoparticles was located at 
517 nm, which was very close to the reported value of 520 nm. [16] In the meantime, 
there was no obvious absorption peak existing for the pure Fe3O4 nanoparticles. The 
hetero-dimer sample I consisting of 4.5nm Au and 5nm Fe3O4 showed absorption band at 
537 nm, suggesting an evident red shift as compared to the pure Au nanoparticles.  
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Such a red shift in plasmon absorption can be ascribed to the electron transfer 
between Au and Fe3O4 domains at the interface. It has been recognized that excess 
electrons on the Au nanoparticles could shift the absorption to shorter wavelength while 
electron deficiency could cause red shift. [16, 24] The red shift of the hetero-dimers 
observed here verified that the free electrons of Au nanoparticles compensated for the 
charge induced by the polarized interface, leading to electron deficiency of Au 
nanoparticles in the non-polar solvent. When the size of Fe3O4 domain increased to 
approximately 9 nm (hetero-dimer II), the absorption spectrum shifted towards even 
longer wavelength at 548 nm. Further increasing the size of Fe3O4 domain to 12 nm 
(hetero-dimer III) made it difficult to determine the exact position of the absorption peak 
as there was only a hump on the spectrum. 
 
Figure 6-7: Magnetization as a function of applied field for the samples I, II, III at room 
temperature. (B) The magnetization-field curves at low applied field for the samples 
synthesized with different doses of Fe(CO)5 at room temperature: I: 1mmol; II: 2mmol; 
III: 3mmol. 
 
The magnetic properties of the obtained hetero-dimers were characterized by 
using VSM at 300K. These samples demonstrated domain-size-dependent magnetic 
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property. The magnetizations were measured to be 17 emµ/g, 48 emµ/g and 58 emµ/g for 
the hetero-dimers with 5 nm, 9 nm and 12 nm Fe3O4 domains, respectively. The samples 
with 9 nm and 12 nm Fe3O4 nanoparticles even exhibited a slightly higher coercivity 
(Figure 6-7) compared to pure Fe3O4 nanoparticles of similar sizes discussed in Chapter 
III. While the explanation of such a phenomenon remains elusive, it was believed that 
this was also caused by the junction between Au and Fe3O4 nanoparticles, where Au 
compensated electrons to the polarized plane at the interface. 
 
6.3.5 Phase Transfer of the Heterostructured Au-Fe3O4 Nanoparticles and 
Subsequent Seeded Growth 
 
Figure 6-8: UV-Vis absorbance spectra of Au-Fe3O4 hetero-dimers before (suspended in 




Moreover, there has been great research interest in developing star-like gold 
nanoparticles with magnetic core, in order to enable NIR absorption related applications 
such as magnetomotive imaging. [25] Therefore, attempts have been made to synthesize 
star-like Au nanoparticles by applying the Au-Fe3O4 hetero-dimers (sample III) to a 
seeded growth approach. Prior to the seeded growth, the hydrophobic Au-Fe3O4 hetero-
dimers were transferred to water phase by using cationic surfactant CTAB. The phase 
transfer of the hetero-dimers used the same procedure adopted previously. The UV-Vis 
spectrum (Figure 6-8) of the phase transferred Au-Fe3O4 hetero-dimers showed no 
obvious red shift for the absorbance band, indicating no aggregation occurred during the 
phase transfer process because aggregation of Au nanocrystals can easily lead to dramatic 
blue shift in the extinction spectra. 
 
Figure 6-9: (A, B) TEM images of the star-like Au-Fe3O4 nanocomposites synthesized 
from seeded growth method.  
 
After phase transfer, the CTAB stabilized hetero-dimers were used as seeds to be 
injected into a solution containing Ag
2+
, CTAB and ascorbic acid reduced AuCl4
-1
 for Au 
deposition. The preparation of this growth solution was very similar to that for 
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synthesizing gold nano-rods or gold nano-stars. The surfactant CTAB in the growth 
solution serves as a template for the anisotropic growth of Au. The morphology of the 
gold nanocrystal can also be regulated by Ag
2+
. [26] The typical TEM images of the 
obtained nanoparticles were shown in Figure 6-9. The overall size of the prepared 
nanoparticles was measured above 50 nm, and they possessed star-like morphology with 
tips pointing outwards. Figure 6-9B showed the TEM image of several typical star-like 
nanoparticles at high resolution, revealing that the tips of the star-like nanoparticles were 
as long as 30 nm. Due to the high contrast of Au, which has high electron density, the 
inner core of the original Fe3O4 nanoparticles can hardly be seen in the TEM images. 
 
Figure 6-10: UV-Vis absorption spectrum of the star-like nanocomposites synthesized 
with seeds volume 1000 μL, 100 μL, 50 μL, and 10 μL, respectively. 
 
The surface plasmon resonance of the nanocomposites was then characterized. 
Figure 6-10 displayed the plasmon absorption spectra of the star-like nanoparticles 
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obtained by using different volume of seeds solution. Different volumes (1000µL, 100µL, 
50µL and 10µL) of water-soluble dumbbell-like nanoparticles were used as seeds. As 
shown in Figure 6-10A, the plasmon resonance spectra demonstrated apparent red shift 
when the volume of seeds decreased. A single absorption band at 529 nm can be 
observed when using 1000µL seeds, indicating that the size and shape of Au 
nanoparticles was not significantly changed as this shift is very small compared to the 
seeds solution. When the volume of seeds decreased to 100µL, the absorption band at 
529nm shifted significantly to 570 nm, indicating the increment of gold nanoparticles. In 
addition to the absorption band around 570 nm, an additional absorption band at 797 nm 
can be observed, which is within the NIR region. The newly emerged peak indicated the 
elongation of gold because this NIR absorption would be attributed to the longitudinal 
plasmon resonance of the Au rods or spikes. [27]  
Further decreasing the volume of the seeds shifted both absorption bands towards 
a little longer wavelength. In the meantime the absorption band at near infrared (NIR) 
range became stronger, indicating more intensive response in NIR region. The obtained 
absorption spectrum and TEM images verified the feasibility of using the Au-Fe3O4 
hetero-dimers as the seeds for synthesizing the NIR-active magnetic Au nanoparticles for 
magnetic or NIR related biomedical applications. 
 
6.4 Summary 
To sum up, well defined Au-Fe3O4 dimer-like nanoparticles were synthesized by using a 
thermal decomposition method successfully. The concentration of 1,2-hexandicandiol 
plays a critical role in the successful formation of the hetero-dimer structure. With the 
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optimized HDD concentration at 0.6M, the Au-Fe3O4 hetero-dimers yield could reach as 
high as 90%. The produced Au-Fe3O4 hetero-dimers have dual-functionalities of Plasmon 
resonance and magnetization. Besides, the size of Fe3O4 domain of the hetero-dimers 
could be tuned from 5 nm to 12 nm by adjusting the precursor ratio between Fe(CO)5 and 
HAuCl4, and thus the magnetization and Plasmon absorption of the hetero-dimers could 
be tailored accordingly. In addition, the obtained Au-Fe3O4 hetero-dimers can be further 
developed into star-like Au-Fe3O4 composites with lengthened Au tips, which show 
plasmon resonance at NIR range. 
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Chapter 7  Conclusion and Possible Future Work 
 
7.1 Conclusion 
In this thesis, the main objective of the research work to prepare water-soluble functional 
nanocomposites and to study their chemical and chemical properties, especially the 
properties variance induced by the water solubilization process and the introduction of 
the second material. The fabrication route for synthesizing functional nanocomposites is 
to coat the surface of the nanocrystals with another material. Such coating can affect the 
properties of the original nanocrystals significantly, as summarized below. The 
nanocomposites thus obtained are mainly designed for imaging based nanodiagnostic.  
In Chapter 3 of this thesis, silica coated magnetic nanoparticles with Fe3O4 or 
MnFe2O4 cores have been successfully synthesized by using template method. It is 
demonstrated that the growth of the silica shell is strongly dependent on the NaOH, and 
the shell thickness can be controlled by varying TEOS/nanoparticles ratio. In this 
investigation, silica shell of 30 nm, 20 nm, 10 nm, and 5 nm have been obtained by 
changing the volume of TEOS. The value of magnetization saturation is decreased due to 
the weight gain from the silica shell. Among these silica nanocomposites, monodispersed 
MnFe2O4@SiO2 nanoparticles with 14 nm MnFe2O4 cores and 10 nm silica shells 
possessed the highest magnetization of 11.1 emµ/g. Subsequent cytotoxicity assay shows 
that the MnFe2O4/@SiO2 nanoparticles exhibit very low toxicity although Mn element is 
one composite of the nanoparticles. This verifies that the silica shell is sufficient to 
prevent core erosion and element leaking. Besides, the silica is demonstrated to be a 
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versatile platform for conjugating functional molecules such as fluorescent dye and 
mPEG, rendering the nanocomposites fluorescent property and superior colloidal stability. 
Moreover, such capability of silica can conveniently transform the nanocomposites into 
multifunctional biomedical agents. Further, these nanocomposites are applied to MRI and 
magnetic hyperthermia test. The results obtained show that such MnFe2O4@SiO2 
nanoparticles has promising potential in the clinical diagnostic and therapeutic fields.  
In Chapter 4, silica coating technique was further applied to coat hydrophobic 
semiconductor nanocrystals by growing silica shells on Zinc doped AgInS2 nanocrystals. 
The result shows that this silica coating technique can be extended to a wide variety of 
hydrophobic nanoparticles. AIZS nanocrystals with four different emission colors were 
prepared via hot injection route and all of them have been successfully coated with silica 
shells, indicating feasibility of using silica coating technique to obtain water-soluble QDs. 
One interesting phenomenon observed is that the PL wavelength of AIZS/SiO2 
nanocomposites of four colors exhibited a red shift after silica coating. This is probably 
due to the surface deterioration which also happens to other QDs with silica coating. 
However, the photophysical stability was evidently improved as the emission of the 
nanocomposites showed no decrease against time, compared to CTAB molecules 
stabilized AIZS nanoparticles. Subsequent cytotoxicity test showed that the obtained 
AIZS/SiO2 nanoparticles exerted low toxicity to the cells as the core material has been 
replaced by the low toxic QDs. Furthermore, in vitro cellular imaging has been 
successfully demonstrated by using the AIZS/SiO2 nanoparticles as labeling agents. 
In Chapter 5, graphene oxide based fluorescent nanocomposites have been 
successfully synthesized by depositing AIZS nanoparticles on oleylamine modified GO 
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sheets. Although nano-sized graphene oxides (usually below 10 nm) have been 
demonstrated as promising low toxic fluorescent materials, the quantum efficiency is 
usually low and the tuning of the emission light is still challenging. Therefore the 
obtained AIZS-GO nanocomposite becomes a successful functional fluorescent material 
by incorporating the well-established fluorescent QDs and water-soluble GO. The 
synthesis route is also convenient by utilizing hydrophobic-hydrophobic interactions. The 
emission range of the as-prepared nanocomposites can be achieved by controlling the 
emission of the AIZS nanocrystals. The quantum yield and the brightness of the emission 
of the nanocomposites exhibited limited decrease. Besides, the emission showed no shift 
compared to the original AIZS nanoparticles. The emission of the nanocomposites can be 
maintained for one month without obvious decrease. To this point, AIZS-GO 
nanocomposites exhibited better photophysical properties than AIZS/SiO2 nanoparticles.  
Moreover, the GO also offers a versatile surface functionality due to the abundant 
surface functional groups, which favors conjugation of various macro molecules such as 
PEG and anti-gen. In this study, PEG are conjugated with the nanocomposites by using 
EDC/NHS chemistry between the -NH2 groups from PEG and –COOH groups from the 
edge of GO. The obtained PEGylated AIZS-GO nanocomposites appears to be very 
stable in PBS at both 25°C and 37°C for 36 hours, which is significantly improved before 
the PEGylation. The obtained nanocomposites are also low toxic according to the cell 
viability test. Subsequent in vitro cellular imaging showed that the AIZS-GO 
nanocomposites are useful cell staining agents. 
In Chapter 6, magnetic iron oxide nanoparticles covered with metal shell were 
successfully synthesized by wrapping the Fe3O4 core with Au shell epitaxially, achieving 
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magnetic and optical properties simultaneously. Hydrophobic heterostructured Au-Fe3O4 
nanocrystals were prepared first. Due to the direct contact between the two functional 
components, their properties are influenced by each other. The coercivity of ~10 nm 
Fe3O4 nanocrystals became observable and the surface plasmon resonance of Au 
nanocrystals exhibited a red shift. When the Au shell was fully formed, the 
nanocomposites processed star-like morphology with two distinct absorption at red and 
NIR range. The multifunctionality of the obtained Au-Fe3O4 nanocomposites have 
promising application potential in various biomedical fields such as photothermal therapy 
and magnetomotive imaging. [1-3]  
 
7.2 Possible Future Work 
In Chapter 3 and Chapter 4, the functional nanocomposites were silica based. During the 
silica coating process, the remaining CTAB molecules could serve as template for 
producing mesoporous structure. As can be seen in the TEM image (Figure 7-1A) there 
were small pores within the silica matrix. Figure 7-1B displayed a type IV isotherm of 
MnFe2O4@SiO2 nanocomposite, indicating uniform mesopores structure. The obtained 
BET surface area and the total pore volume were 417 m
3
/g and 0.91 cm
3
/g. The pore size 
distribution (inset of Figure 7-1B) of the sample was calculated using the Barrett–Joyner–
Halenda (BJH) model from the adsorption branches of the isotherms. It demonstrated that 
MnFe2O4@SiO2 nanocomposites had well-developed mesopores with a radius of 1.9 nm. 
The high surface area and the 4 nm pores enabled the nanocomposites to be a good 
platform for many biomedical applications such as drug delivery. With specifically 
designed thermal or pH sensitive polymers coating [4, 5] on the silica surface to 
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encapsulate the drug within the pores, drug delivery system with dual-mode imaging 
capabilities can be achieved. 
 
Figure 7-1: (A) TEM images of MnFe2O4 nanoparticles with mesoporous silica shell. (B) 
N2 adsorption/desorption isotherms (inset: pore size distribution from adsorption branch; 
V=pore volume, D=pore size). 
 
In Chapter 5, fluorescent AIZS QDs were able to be phase transferred by 
oleylamine modified GO via hydrophobic interaction. In fact, this method is also 
applicable to other nanocrystals with hydrophobic surface ligands such as magnetic 
Fe3O4 and MnFe2O4 nanoparticles.[6] Therefore it is possible to achieve 
multifunctionality by depositing magnetic nanoparticles and QDs simultaneously on GO 
sheets using same protocol. Besides, by utilizing the –COOH groups on the edge of GO, 
functional molecules such as anti-body can be conjugated with GO, leading to specific 
targeting of cells or tissues. 
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